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FOREWORD
RAISING PUBLIC AWARENESS CONCERNING GEOLOGIC RISKS

Opening remarks of the Honorable Alejandro Santiago-Nieves, Secretary of
the Department of Natural Resources of the Commonwealth of Puerto Rico,
at the opening session of the Third Anmual Workshop on Geologic Hazards
in Puerto Rico, held at the Caribe Hilton Hotel, San Juan, Puerto Rico,
Wednesday 14 May 1986.

It is my privilege to welcome the participants in this annual workshop
once again in the name of the Honorable Rafael Hernandez Colon, Governor of
Puerto Rico. The Governor would like you to know that he continues to support
the several programs related to mitigation of natural hazards, including
earthquakes, floods, hurricanes, and landslides. I know that he would have
liked to welcome you personally, but there are many competing demands for his
time, and he begs to be excused this morning. In view of our experiences
during the past year, the Governor is very conscious of the need for this kind
of conference to help raise the awareness of the people of Puerto Rico to the
ever present possibility of natural disasters. He has directed that all the
agencies involved with planning and emergency preparedness join forces to that
end.

I want to express my gratitude to Dr. Walter Hays of the U.S. Geological
Survey (USGS) for his effort in arranging this conference, and to the members
of the Steering Committee, including the Federal Emergency Management Agency
(FEMA), the University of Puerto Rico, and the staff of my Department of
Natural Resources.

The year 1985 witnessed a number of major natural disasters, which served
to remind us of the fact that even when they occur at a great distance from
urban centers, such events can have severe impacts on human settlements.
First, there was an earthquake in Chile in March. In May, Puerto Rico
suffered severe floods. In September, a seismic event on the west coast of
Mexico generated tremendous damage in the metropolis—-—over 200 miles away. In
October, unusually heavy rains were responsible for a rockslide in Ponce that
claimed almost 100 lives. 1In November, a volcanic eruption in Colombia caused
floods and mudflows that took several thousand lives. The people of Puerto
Rico responded with generous assistance to all those events.

After the Mameyes rockslide and other events associated with the extra
ordinary rainfall of the first week in October, we built upon our previous
experiences to assure that the FEMA's Regional Interagency Hazard Mitigation
Report would involve the major local agencies as well as Federal
representatives. The Planning Board and the Department of Natural Resources
became directly involved in that effort, particularly in the working sessions
of the Interagency group that formulated the statement of problems and
recommendations. As a result, I believe that the report and it
recommendations will produce major benefits for Puerto Rico and its people.

The major element, of course, was the impetus to undertake the landslide
inventory that was recommended by last year's geologic risk workshop. After
sending several specialists to Puerto Rico to observe the nature and extent of
landslide activity, the USGS has assigned funds for this important activity,
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and the Department of Natural Resources as submitted a proposal for the work
that is required to produce an island-wide inventory of landslide areas and of
areas that may be susceptible to future landsliding. The efforts will require
at least five years to complete, even with the cooperation of the University
of Puerto Rico.

Another result of the FEMA Interagency Hazard Mitigation Report has been
a revision of the Puerto Rico Flood Hazard Mitigation Plan which was first
prepared in 1980. This has required the modification of our Coastal Zone
Management Program task related to coastal hazards. The island-wide hazard
mitigation plan has now been modified in accordance with the FEMA report, so
that they will be come appendages to the global plan, with greater detail for
each affected area.

The experience we have obtained from these exercises has spurred us to
expand our public education program. This year, the five weeks from the
beginning of May to the first week in June have been dedicated to education
concerned with environmental quality, health, and natural resources. As you
can observe in the program available for distribution, we are trying to
combine several aspects of public education in this activity, including both
this conference on geological hazards and our conference on hurricane
preparedness during the first week in June. Dr. Neil Frank, the Director of
the National Hurricane Center, will be the principal speaker at the conference
on June 5, 1986, I extend a cordial invitation to all of you to attend that
important event.

One of my primary concerns is how to promote public awareness of the
potential natural hazards and what each individual and family can do, at
little or no expense, to protect lives and property. This is not a task for a
single agency. Every agency of the Government has a role to play in that
effort. 1In addition, we are reaching out to the private sector, for every
businessman and plant manager has an interest in the matter, both to protect
corporate property and the health and safety of employees and to assure that
the minds of employees are relieved of concern about their homes and families
while they are at work. We will be reaching out to insurance companies, as
well as to the Chamber of Commerce and the Mamufacturers' Association, both to
provide them with vital information and to enlist their assistance and
sponsorship in the effort to reach all sectors of the population.

I hope your conference will be successful and look forward to my

appearance on Friday with the Honorable Patria Custodio, Chairman of the
Planning Board.
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CREANDO CONCIENCIA EN EL PUBLICO SOBRt KIESGOS GEOLOGICOS

Comentarios del Honorable Alejandro Santiago Nieves, Secretario del
Departamento de Recursos Naturales del Estado Libre Asociado de Puerto
Rico, en la reunidn de apertura del Tercer Taller Anual sobre Riesgos
Geoldgicos en Puerto Rico,ofrecido en el Hotel Caribe Hilton, San Juan,
Puerto Rico, el dia miercoles 14 de mayo de 1986.

Me complace mucho darles la bienvenida de nuevo a ustedes, los participantes
de este taller anual, en nombre del Honorable Rafael Hernidndez Coldn, Gobernador
de Puerto Rico. El senior gobernador desearia hacerles participes de su continuado
apoyo a los distintos programas relacionados con la mitigacidén de peligros

naturales, del tipo de terremotos, inundaciones, huracanes y derrumbamientos.

Es de mi conocimiento personal que al senor gobernador le hubiese complacido
el poder darles la bienvenida personalmente, pero debido a compromisos previos
ruega ser discuplado en esta reunién. Dada nuestras experiencias durante este
ano pasado, el sefior gobernador estd muy conciente de la necesidad de este tipo
de conferencia que ficilitan el crear conciencia en el pueblo puertorriqueio
sobre la perenne posibilidad de que ocurra algin desastre natural. El sefor
gobernador ha ordnado que todas las agencias conectadas con la planificacidn y

preparativos de emergencia ailnen sus esfuerzos en un fin comin.

Desearia expresar mi agradecimiento al doctor Walter Hays del Servicio
Geoldgico de los Estados Unidos por haber organizado esta conferencia. De igual
modo, desearia agradecer a los miembros del Comité Timén, incluyendo a la Agencia
Federal de Manejo de Emergencias, a la Universidad de Puerto Rico y a los miembros

de mi Departamento de Recursos Naturales.

El ano 1985 fue testigo de numerosos desastres naturales, lo que nos
recuerda que ain dado el caso de estos desastres ocurran a grandes distancias
de centros urbanos, este tipo de evento puede tener efectos perjudiciales a los
asentamientos humanos. Primero, Chile expermintd un terremoto en marzo. En Mayo,
Puerto Rico se vid afectado por inundaciones serias. En septiembre, un evento
sismico a lo largo de la costa occidental de Méjico geners danos enormes en la
metropoli, ubicada a una distancia de 200 millas. En octubre, lluvias torrenciales

ocasionaron un derrumbamiento en Ponce a un costo de 100 vidas. Y en noviembre
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una erupcidn volcdnica en Colombia ocasiond inundaciones y flujos de fango,
lo cual representd la perdida de miles de vidas. El pueblo puertorriquefio
respondid generosamente a estos eventos, especialmente a los dos mis cercanos

a é1: Ciudad de Méjico y Ponce.

Luego de las experiencias del derrumbamiento de Mameyes y de otros
eventos asociados con los llubias excesivas durante la primera semana de
octubre, no aseguramos ahora que el Informe Interagencial Regional de FEMA
sobre la Mitigacidn de Riesgos incluyese a las principales agencias locales,
al igual que a representantes federales. La Junta de Planificacidn y el
Departamento de Recursos Naturales se vieron envueltos directamente en este
esfuerzo, particularmente en las sesiones de discusidén del grupc interagencial,
el cual formuld el planteamiento de los problemas y las recomencazciones. Como
consecuencia, creo que el Informe y sus recomendaciones producirZ mayores

beneficios para Puerto Rico y para su gente.

El componente principal, por supuesto, fue establecer el Imputu necesario
para llevar a cabo el inventario del derrumbamiento, el cual fue recomendado
por el taller sobre riesgos geoldgicos del afio pasado. Luego de habor enviado
varios especialistas a Puerto Rico con el fin de observar la naturaleza y el
alcance del derrumbamiento, el Servicio Geoldgico asignd fondos para esta
importante actividad. Por otro parte, el Departamento de Recursos Naturales ha
sometido una propuesta en la cual se estipula el tipo de trabajo que seria
necesario para producir un inventario para toda la Isla en dreas de derrumba-

miento y en areas que pudiesen ser susceptibles a unos derrumbamientos futuros.

Otro resultado del Informe Interagencial ha sido la revisidn del Plan de
Mitigacion de Riesgos de Inundaciones de Puerto Rico, el cual fue redactado en
1980. Esto ha requerido la modificacidén de nuestra tarea relacionada con los
riesgos costaneros del Programa de Manejo de la Zona Costanera. El Plan de
Mitigacidén a nivel de la Isla ha sido modificado de acuerdo al Izforme de FEMA.
Un nuevo sistema est3d siendo disefiado para los planes de mitigacidn de riesgos
de las inundaciones locales a fin de que se conviertan en anexos al plan global,

ofreciendo asi, informacidn mids detallada para cada area afectadz.
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La experiencia obtenida de estos intentos nos hamotivado a expandir
nuestro programa de educacidn plblica. En este ano, las cinco semanas
comprendidas de principios de mayo a la primera semana de junio han sido
dedicadas a la educacidn piblica, tocando temas como lo son la calidad del
ambiente, la salud, y los recursos naturales. Como prodrd observar, en el
programa disponible para distribucidn, estamos tratando de combinar varios
aspectos de la educacidn piblica en este programa incluyendo a ambos, este
conferencia sobre riesgos geoldgicos y nuestra conferencia sobre preparativos
contra huracanes en la primera semana de junio. El doctor Neil Frank, Director
del Centro Nacional de Huracanes, seria el orador principal en la conferencia
del 5 de junio de 1986. Deseo extenderles una invitacidn cordial a todos

ustedes.

Uno de mis preocupaciones primordiales ha sido como fomentar la concienciz
piblica sobre posibles peligros naturales y los que cada individuo y familia
puedenhacer, a un costo minimo, para salvaguardar sus vidas y propiedades.

Esto no es una tarea para una sola agencia. Cada agencia del gobierno tiene

un rol que desempefar en este esfuerzo. Ademi3s, estamos haciendo un llamado

al sector privado, ya que cada hombre o mujer de negocios ycada gerente de
planta fisica tiene un interés real en este asunto, no tan sdlo para poder
proteger la propiedad de la empresa sino también para poder proteger la salud

y seguridad de los empleados, y para asegurar la tranquilidad de éstos en cuantc
a la proteccidn de sus viviendas y familias mientras ellos de desempefian en sus
labores. Nos acercaremos a companias de seguros, al igual que a la Camara de
Comercio y a la Asociacidén de Industriales para ofrecerles informacién de

vital importancia y para solicitar su ayuda y auspicio en este esfuerzo de

tratar de alcanzar a todos los sectores de la poblacidn.

Mi deseo es que su conferencia serd exitoa y anticipo entusiasmado mi
aparicidén el viernes junto a la Honorable Patria Custodio, Presidente de la

Junta de Planificacidn.



TABLE OF CONTENTS

Page
BACKGROUND INFORMATION AND CONCLUSIONS OF THE WORKSHOP
Background and Summary of the Workshop on "Assessment of Geologic
Hazards and Risk in Puerto Rico"
by Walter Hays and Paula Gori
Introduction'.'.".0...00000.....0.00.....0..00.....00..00..0.0.. 1
Issues Associated with the Implementation of Loss-Reduction
Measures in Puerto Rico........................0.‘............. 2
The 19 September 1985 Mexico Earthquakeeeeesecsoceccccccossccccnss 9
The 10 October 1986 San Salvador Earthquakeeeeeesecscccscccsosnsee 9
Description of Earthquake Hazards that could occur in the
Puerto Rico area...........'l.‘...............................‘ 12
Elements Involved in an Assessment of the Potential Risk from
Earthquakes in the Puerto Rico Area‘.Q.O....O.Q'............... 15
Workshop PrOCedureSnc00.0...0.....0...-:...0-....n.-...-o.o..-..- 17
Plenary Sessions and Discussion Group SeminarSeceececececccecsccces 18
AC]{IIOWledgmentSo.--.c-.-o.--.c.o.-.-.oo-..-..c.o.--..t..o-..--co. 21
ReferenCES..‘.QQQ‘........Q..‘..QQ.QQ..Q..Q...‘Q.QQ.QQ...Q.....“ 22
Next Steps — The Role of the Department of Natural Resources
by Alejandro Santiago NieveSeeeesesoescsccsscccosnascscscssscscscense 23
Los Siguientes Pasos — El1 Rol Del Departamento de Recursos Naturales
by Alejandro Santiago NieveSeeseoeceessosccccccnsscccccccacccscess 28
FUNDAMENTAL KNOWLEDGE ON GEOLOGIC HAZARDS IN PUERTO RICO
Historic Earthquakes and the Earthquake Hazard of Puerto Rico
by William R.Q Mccann‘.Q.Q.........C.Q..QQ..Q..........QQ.Q...Q... 34
Evaluating Earthquake Recurrence in the Northeastern Caribbean:
Lessons from the 1985 Mexico Earthquake and Areas of Future
Research in Puerto Rico
by DaVid Schwartz.....‘“........“.‘...‘0.‘....‘..‘......‘...... 43
Earthquake Vulnerability Study for the Metropolitan Area of San Juan,
Puerto Rico
by Jose Molinelli'.......0........0...0................Q......... 49
Foro Sobre La Vulnerabilidad Sismica Del Area Metropolitana De San Juan
by Rafael Jimenez, James Joyce, Samuel Diaz, Pedro Jimenez,
Alejandro Soto, Hermenegildo Ortiz, and Ruth Carrerasesceececsecess 114
Forum on Puerto Rico Vulnerability Study
By Rafael Jimenez—PereZ---no-..oo.-c.ooo-..uocoooo-uo.-o..-c.--oo 178

| ©
AL 00wy



Landslide Hazards of Puerto Rico

by Randall Jibsono0000000000000000000000.0ooo.oo.0000000000000000

Engineering Geologic Exploration at the Existing Mameyes Ward
(Western, Northern, and Eastern Areas Adjacent to the Landslide)

by Carlos Rodriguez_Molinaooooocoooc000000000.000‘000000000000000

INFORMATION ON THE 19 SEPTEMBER 1985 MEXICO EARTHQUAKE

Informe Preliminar Comision de Estudio Terremoto del 19 de

Septiembre de 1985 Ciudad de Mexico, Republica de Mexico
by Ruth Carreras, Samuel Diaz, Rafael Jimenez, Jose
Molinelli, Hermenegildo Ortiz, Carlos Rodriguez, and

Miguel Santiago.oooooo.oo.-0000000000000000.000000000000000000000

El Terremoto Mexicano del 19 Septiembre de 1985

by Richard Krimmooonooooonooooonnoonoonoonoooooooooonoooooooooooo

Earthquake Response of Structures

by Samuel Diaz Hernandez.0.000000000000000000.0000ooooo..c'oooo.-

Alternativas a Causas De Fallas Estructurales

JOSQ A- Martinez Cruzado.ooc0000000000.00000.000000000.0.00000000

INFORMATION PREPARED FOR WORKING GROUP SEMINARS

Ground Shaking Hazard and Vulnerability of Structures

Rafael Jimenez—PereZQ0000.00.000000000000.00.000..00.000000000..0

Site Amplification——-An Important Consideration in the Vulnerability

Analyses for Puerto Rico

by walter W. Hays.oooooooooo0000000.00000000000000000000000000000

Ductility vs Vulnerability in Major Earthquakes

by Bernardo Deschapelles.ooooooc000000000000ooooooooooooooooocooo

Aspectos Fundamentales de la Geologia y la Sismologia
Para la Microzonacion Sismica en Espana: Un Ejemplo

By Walter W. HaySooootootoootoooa00000000000000000000000.D-oooo.o

Proposal for the Preparation of a Landslide Assessment and Mapping

Program for Puerto Rico

by Carlos Rodriquez Molina and Luis Vazquez CastillOeeccecccceace

The Importance of Training in Earthquake Hazards Mitigation

by Walter HaYS and Paula Gorioooooooooooooononooooooooonooooonooo

INFORMATION ON EMERGENCY RESPONSE AND BUILDING CODE

Planificaion de Manejo de Emergencias

by Ruth Carreras and Mariano Vargas......-00000000000000000000000

Status of Puerto Rico Building Code

by Miguel Santiago-oooooo0000000000000000000000000.000000.000000.

viii

le  doowtd

183

189

194

257

263

268

275

281

293

299

351

359

374

382



APPENDIX A: TECHNICAL TERMS

Glossary of Terms Used in Probabilistic Earthquake Hazards
ASSeSSmentS...-..-.-.Q-..-..."...-...-.l......-....-.‘.--“....-..... A—].

Glosario de Terminos para Analisis Probabilistico de los Riesgos y
Peligros Sismicos...l..l.'..l......ll..ll".ll.'l...-....-...-...-..-. A—8

APPENDIX B: STRONG MOTION ACCELEROGRAPHS
List of Strong Motion Accelerographs in Puerto Rico as of April 1986.. B-1

APPENDIX C: PUBLICATIONS
List of the Federal Emergency Management Agency's Earthquake Hazards
Reduction Publications..-‘-‘.'..‘.....l...l....‘..--..-...«.....-.‘..... C—l

APPENDIX D: PARTICIPANTS IN 1986 WORKSHOP :

LiSt Of Participants..-..-.........-......--.-.-...--..-.......-.....- D—'l

APPENDIX E: CONFERENCES TO DATE

List of Conferences tO Dat@ececccsccscssssssssssasescesscsensccssssssssees E—l

w07 doouy



APPENDIX A: TECHNICAL TERMS

Glossary of Terms Used in Probabilistic Earthquake Hazards

ASSeSsmentSoDoonoonoooooooooonooonoooooQoo.oonoooooonoooooonoonoonoooo A—l

Glosario de Terminos para Analisis Probabilistico de los Riesgos y
Peligros Sismicos.......00’.0..0..0...000’0.00.....'..0...0..'...0.... A—8

APPENDIX B: STRONG MOTION ACCELEROGRAPHS
List of Strong Motion Accelerographs in Puerto Rico as of April 1986.. B-1

APPENDIX C: PUBLICATIONS
List of the Federal Emergency Management Agency's Earthquake Hazards
Reduction PublicationNSeeecesceccccecccsoossvsococcoccocsscossosssssosssese C—1

APPENDIX D: PARTICIPANTS IN 1986 WORKSHOP

List of ParticipantS¢oooooooooooooooooooooooooooooooooooo-otoooooooooo D-1

APPENDIX E: CONFERENCES TO DATE

List of Conferences tO Dat@eceeessssssssosovsccssoossssscossocssssssssse H—l

=07 doowd



{»{\up Dad 7O /
S y

UNITED STATES
DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

PROCEEDINGS OF CONFERENCE XXXVI

A WORKSHOP ON "ASSESSMENT OF GEOLOGIC HAZARDS AND RISK IN
PUERTO RICO"

May 14-16, 1986
San Juan, Puerto Rico

Sponsored by:
Department of Natural Resources, Puerto Rico
Puerto Rico Planning Board
Puerto Rico College of Engineers
Puerto Rico Geological Survey
Federal Emergency Management Agency
U.S. Geological Survey

EDITORS
Walter W. Hays and Paula L. Gori
U.S. Geological Survey
Reston, Virginia 22092

Open-File Report 87-008

Compiled by Carla Kitzmiller

This report is preliminary and has not been edited or reviewed for conformity with

U.S. Geological Survey publication standards and stratigraphic nomenclature.

views and conclusions contained in this document are those of the authors and should
not be interpreted as necessarily representing the official policies, either expressed or
implied, of the United States Government. Any use of trade names and trademarks in
this publication is for descriptive purposes only and does not constitute endorsement
by the U.S. Geological Survey.

Reston, Virginia
1687 -

/A3 2200 P

The



JHheee dd G@SJ

PREFACE

Puerto Ricans face the threat of life, injuries, and social and economic
impacts from the recurrence of a large, damaging earthquake such as the one
that occurred on October 11, 1918, near Mayaguez, Puerto Rico. 1In the 69
years since that earthquake, the population density and the building wealth
exposed to the earthquake threat have increased sharply; whereas, applications
of earthquake hazards mitigation and preparedness strategies have lagged
behind the accumulated knowledge on earthquake hazards.

The goal of this publication, a permanent record of the third workshop
held in 1986 on earthquake and geologic hazards in the Puerto Rico area, is to
encourage the implementation of loss-reduction measures by Puerto Ricans.

This publication, the fifth in the knowledge utilization series of the
U.S. Geological Survey, contains high—-quality information that can be applied
in many different ways in Puerto Rico including:

o Advocacy for public policy to deal with geologic and earthquake
hazards in the context of other natural and man-made and
technological hazards.

o Response planning.

Vulnerability studies.

o Education and training programs to increase hazard awareness and
preparedness.

o Hazard mitigation strategies (for example, seismic provisions for a
modern building code, seismic microzonation, land-use plans, criteria
for design, construction, and review of critical facilities including
community lifeline systems, and guidelines for retrofit and
strengthening of existing structures and facilities).

o Agendas for future research to close gaps in knowledge that presently
limit applications.

Q

We commend Puerto Rico for its achievements. We believe that Puerto Ricans
are now in a strong position and are capable of carrying out all of these
applications and others during the next 5-10 years.

Richard Krimm Walter Hays
Federal Emergency Management Agency U.S. Geological Survey
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BACKGROUND AND SUMMARY FOR
WORKSHOP ON "ASSESSMENT OF GEOLOGIC HAZARDS AND RISK IN PUERTO RICO"

by
Walter W. Hays and Paula L. Gori
U.S. Geological Survey
Reston, Virginia 22092

INTRODUCTION

Seventy earth scientists, engineers, planners, emergency management
specialists, and public officials participated in a 2-day workshop on
"Assessment of Geologic Hazards and Risk in Puerto Rico.” The workshop,
convened under the auspices of the National Earthquake Hazards Reduction
Program (NEHRP), was held in San Juan, Puerto Rico, on May 14-16, 1986. The
sponsors of the workshop were the Puerto Rico Department of Natural Resources
(DNR), the Puerto Rico Planning Board, Puerto Rico College of Engineers,
Puerto Rico Geological Survey, the Federal Emergency Management Agency (FEMA),
and the U.S. Geological Survey (USGS).

This workshop was the third in the Commonwealth of Puerto Rico and the thirty-
sixth in a series of workshops and conferences throughout the Nation that the
USGS has sponsored since 1977, usually in cooperation with FEMA, the lead
agency in the NEHRP. The two prior workshops in Puerto Rico were held in
April 1984 and May 1985. Each past workshop sponsored by USGS and FEMA had
two general goals: 1) bringing together participants having experience in the
production and use of knowledge of the earthquake hazards of ground shaking,
surface fault rupture, earthquake-induced ground failure, regional tectonic
deformation, and where applicable, tsunamis and seiches, and 2) strengthening
new and ongoing activities in the State, Commonwealth, or region to mitigate
losses from earthquake hazards. This workshop had the same general goals as
in the past, but it also had new goals:

1) To build on the plans, information and research networks and support
systems, and high levels of knowledge, concern, and commitment developed
in 1985 as a consequence of the seminar at Mayaguez on "Fundamentals of
Earthquake Engineering” (convened by Earthquake Engineering Research
Institute with sponsorship by the National Science Foundation and the
Office of Foreign Disaster Assistance of the Department of State) and the
workshop on "Reducting Potential Losses from Earthquake Hazards" (convened
by USGS/FEMA/DNR) at Dorado.

2) To disseminate information and preliminary research results derived from
the September 1985 Mexico earthquake, emphasizing the relevant facts
gathered by the Puerto Rican investigative team for incorporation into
Puerto Rico's earthquake preparedness program.

3) To disseminate information on the October 1985 Mameyes, Puerto Rico,
landslide disaster, emphasizing the facts that can motivate generic
research on the landslide process and be used to improve emergency
response planning.
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4) To distill the technical and societal lessons learned from the 1985 Mexico
earthquake and the 1985 Mameyes landslide disaster and to transfer and
apply these lessons in planning, research, mitigation, response, and
recovery programs currently underway in Puerto Rico.

5) To provide information for both the technical expert and the nontechnical
decisionmaker--planner-—-implementor.

6) To strengthen the ad hoc Puerto Rican "working groups” in earthquake
engineering, formed in 1984, as credible resources in Puerto Rico to
foster implementation of loss-reduction measures for all types of geologic
hazards.

ISSUES ASSOCIATED WITH THE IMPLEMENTATION OF LOSS-REDUCTION MEASURES IN PUERTO
RICO

Information and experience gained by USGS, FEMA, National Science Foundation,
and National Bureau of Standards since 1977 in the NEHRP have shown that the
implementation process is as complex as any research study (Figure 1). 1In
every earthquake-prone region of the Nation, including Puerto Rico, two
principal issues impede implementation. They are:

IMPORTANCE QUALITY OF RESISTANCE T
SE'S'::TTTI;:SZON'C AND VALUE LOCATION OF DESIGN AND LATE:AL Fosceos
OF STRUCTURE STRUCTURE CONSTRUCTION
EARTHQUAKE EXPOSURE VULNERABILITY
HAZARDS MODEL MODEL
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ASSESSMENT
OF RISK

EXPERIENCE
AND RESEARCH

DAMAGE
ALGORITHM

POLITICAL
PROCESS

ACCEPTABLE
RISK

MITIGATION
COSTS

INCORPORATE
EW KNOWLEDGE,

INSPECTION AND
REGULATION

IMPLEMENTATION

OF LOSS-REDUCTION
MEASURES

Figu;e 2.--Schematic illustration of the critical elements of th earthquake-
azards-reduction implementation process. The flow is from top to



~- Do the people have the will to implement loss-reduction measures for
earthquakes without the occurrence of a major earthquake?

-- How much more will loss-reduction measures for earthquakes cost and will
the required money come from reprogramming or from new sources?

Experience since 1977 in the NEHRP has shown that implementation of loss-
reduction measures tends to happen when 5 critical interrelated elements are
present (Figure 2). Each element is described below.

Knowledge Utilization Pyramid
\Body of Technical Knowledge7

Trained, Concerned, and
Committed People

Coordinated
Programs

Earthquake
Experience

of Loss
Measures

Implementation
Reduction

Figure 2.--Schematic illustration of the critical elements of the earthquake
hazards-reduction implementtion process. The flow is from top to
bottom. Earthquake experience seems to be needed to drive the process of
implementation in almost every community.
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Element 1: Existence of a Technical Data Base——-Effective implementation in
Puerto Rico requires explicit knowledge of the nature and extent of the
earthquake hazards of ground shaking, surface fault rupture, earthquake-
induced ground failure, and regional tectonic deformation in each urban area
(Figure 3). The quantity and quality of the geologic, seismological,
engineering seismology, and engineering data bases are the two most important
factors that facilitate making assessments of the earthquake hazards and risk

in a region and devising and implementing measures that will reduce potential
losses from future earthquakes.

COMMUNITY SEISMIC RISK MATRIX
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Figure 3. Schematic illustration of a community facing potential losses from
the earthquake hazards of ground shaking, surface fault rupture,
earthquake-induced ground failure, and regional tectonic deformation.
Every community has the capability to implement a wide range of loss-
reduct ion measures to minimize the potential impacts. Decisiommakers in
the community must decide which loss-reduction measures are most cost
effective and take the lead in implementing them before the damaging event
occurs. Professionals have a major role in providing credible information
and in devising a wide range of loss-reduction measures for the
decisionmaker to select from. Cost is the main issue.
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Using the definition that an issue is defined as a question for which expert

opinion is divided between "yes" and "no,

the critical issues of

implementation that are directly related to the technical data bases in Puerto
Rico are:

Can the existing data be utilized to foster implementation of loss-
reduction measures or must the data be translated, extrapolated, or
augmented?

Are enough data available for implementation of loss-reduction measures?
Are the data at the right scale?
Can the data be extrapolated beyond the limitations of the technical data

bases to address specific requirements of users in a reasonable, yet
conservative manner, that provides an adequate margin of safety?

Technical data are required on three scales:

global (map scale of about 1:7,500,000 or larger) to give the "big
picture” of the inter- and intraplate forces.

regional (map scale of about 1:250,000 or larger) to define the physical
parameters and their range of values that provide a framework of
understanding of the spatial and temporal characteristics of earthquake
hazards in a region.

local (map scale of about 1:24,000 or smaller) to determine the physical
parameters and their range of values that control the local earthquake-
resistant design requirements. Site-specific design requirements are not
satisfied by this scale; they are based on site-specific data.

The available data must be integrated and analyzed, quantifying uncertainty as
appropriate, to obtain explicit answers to the questions:

Where have earthquakes occurred in the past? Where are they occurring
now?

How big in terms of epicentral intensity and/or magnitude were the past
earthquakes? How big can future earthquakes be? Has the maximum
magnitude earthquake ever occurred?

What physical effects (hazards) have past earthquakes caused? What was
their extent spatially and temporally? What was their level of severity?

What were the causative mechanisms for each earthquake? Each hazard?

How often (on the average) do earthquakes of a given magnitude (or

epicentral intensity) occur? How often on the average, does ground
shaking of a certain level occur?

What are the viable options for mitigating the earthquake hazards expected

to occur in the region in a 50-year exposure time (the useful life of
ordinary buildings).
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Element 2: Trained, Concerned, and Committed People--Trained, concerned, and
committed people are required in Puerto Rico to analyze the technical data
bases, to extrapolate beyond the limits of the data, and to translate the
basic data into maps and other products so that practical and reasonable loss-
reduction measures can be devised. The critical issues of implementation that
are directly related to Puerto Ricans are:

-— 1Is appropriate training available to transfer the state—of-the—art and the
state-of-practice to professionals?

-- Can people and decisionmakers who have never experienced a damaging
earthquake be motivated to have increased concern about earthquakes and
their effects?

—— Can people who have been uncommitted in the past with respect to
implementation of loss-reduction measures be transformed into people who
are committed to providing leadership for changing the "status quo" of
implementation?

The Puerto Ricans who make the implementation process happen must deal with a
wide range of geologic, seismological, and engineering seismology data and
produce credible, practical loss-reduction measures. To succeed, they must
know that there are dif ferences in the perspectives of scientists/engineers
and decisionmakers (described in Table 1) and have experience in minimizing
these differences.

Table I
Differences in the perspectives of scientists/engineers and decisionmakers
(from Szanton, 1981).

Attributes Perspectives
Scientists/Engineers Decisionmakers

1. Ultimate objective Respect of Peers Approval of electorate

2. Time horizon Long Short

3. Focus Internal logic of the problem External logic of the
problem

4., Mode of thought Inductive, generic Deductive, particular

5. Most valued outcome Original insight Reliable solution

6. Mode of expression Abstruse, qualified Simple, absolute

7. Preferred form of Multiple possibilities with One "best” solution

conclusion uncertainties emphasized with uncertainties

submerged

Element 3: Programs—-The data, information, and people provide the resource base

for programs in Puerto Rico such as: 1) research studies, 2) the assessment of
earthquake hazards, vulnerability, and risk for specific urban areas, 3) a
seismic safety organization, 4) mitigation and preparedness actions, 5) and the
implementation of new and improved loss-reduction measures. The success of each
program depends on: how well it is focused, how well it is integrated, and how
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well it is coordinated between the various disciplines and agencies. The
critical issues of implementation that are directly associated with programs in
Puerto Rico are:

—— Do the expected benefits justify the cost and the anguish associated with
reallocation of resources?

—-  Are the technological, societal, and political considerations appropriately
balanced?

—--~ Does the program have a definite ending point; if not, should it? Can the
end point be negotiated before the program begins?

Element 4: A Damaging Earthquake—-—-A damaging earthquake always provides the best
opportunity to acquire unique geologic, seismological, engineering, and social
science information and to foster implementation of specific loss-reduction
measures in a community. The critical issues of implementation that are directly
related to the occurrence of a damaging earthquake in Puerto Rico are:

—— Does the earthquake provide relevant information for stimulating earthquake
preparedness in Puerto Rican communities?

——  Can useful "lessons” be extracted from the earthquake experience and applied
in Puerto Rico?

The following types of investigations are typically conducted after a damaging
earthquake and provide a rapid way of collecting new data and knowledge (Hays,
1986).

—--  Geologic studies--field investigations to determine the nature, degree, and
spatial distribution of surface faulting, regional tectonic deformation,
landslides, liquefaction, and wave inundation from seiches and tsunamis.

- Seismological studies——-measurement programs using arrays of portable
seismographs to locate earthquakes comprising the aftershock sequence, to
define the spatial extent of the fault rupture zone and its temporal
changes, and to determine the focal mechanisms of the earthquake.

- Engineering Seismology Studies—-measurement programs using arrays of
portable strong motion accelerographs and broad band seismographs to measure
the characteristics of strong ground motion at various epicentral locations
underlain by various soil-rock columns, using both the main shock and the
aftershock sequence.

——  Engineering Studies——Investigations on a building-by-building scale to
determine the nature, degree, and spatial distribution of damage to a wide
range of structures, including: 1low-, medium-, and high-rise buildings,
lifelines, and critical facilities.

——- Societal Studies—-Investigations to determine how the populace reacts
before, during, and after an earthquake and to devise ways the new technical
information can be transformed into public policy and new or improved loss-
reduction measures.

D% doowd



When a long time has elapsed since the last historic damaging earthquake, as in
the 1811-1812 New Madrid earthquakes in the Mississippi valley, 1886 in
Charleston, South Carolina, 1918 in Puerto Rico or when no historic earthquake
has occurred such as along the Wasatch front, Utah, a scenario earthquake can be
used to foster the implementation process by heightening awareness and concern.
The main issues associated with scenario earthquakes are:

- Is the scenario earthquake sufficiently credible in terms of present
knowledge that it will be used to guide the development of a Puerto Rican
community's response plans?

—— 1Is the scenario earthquake realistic in terms of the actual geologic setting
of the community and the social and political conditions in the community
and, if so, will it be used as the basis for specific mitigation activities?

Element 5: Loss Reduction Measures—-A wide range of practical loss-reduction
measures are now available for implementation in Puerto Rican communities. The
two overriding issues of implementation that are directly related to each loss-
reduction measure being considered are:

—-—  How much more does the loss-reduction measure cost in comparison with the
cost of maintaining the "status quo?”

-—-  Who will pay?
Loss-reduction measures can be grouped in the following categories:

-= Hazard maps - Maps showing the relative severity and spatial variation of a
specific hazard (for example, the ground-shaking hazard) that can be used in
applications ranging from design guidelines to seismic microzonation to
regulations.

- Design criteria — Criteria for siting a wide range of structures (including
those covered by building codes as well as by other regulations), such as:
public buildings, schools, private buildings, critical public facilities,
dams, hospitals, and nuclear power plants.

—— Guidelines and regulations — Guidance for regional and urban planning to
improve land-use in the context of earthquake hazards.

——  Seismic microzonation — A procedure that utilizes the existing technical
data as a basis for the division of a region into zones expected to
experience the same relative severity of a specific earthquake hazard in a
given exposure time (such as the level of ground shaking expected in a 50
year period).

Seismic microzonation provides design criteria that will enable the user to
select the most suitable part of the area for the proposed use.

—- Inspection and review - Procedures to regulate design and construction,
practices.
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-—  Education and training - Short- and long-term activities designed to close
specific gaps in knowledge. Training prepares people to do a wider variety
of tasks than they could do without training.

- Response and recovery planning - Planning that improves the capability of
the region to respond effectively to a damaging earthquake and to recover as
quickly as possible.

THE 19 SEPTEMBER 1985 MEXICO EARTHQUAKE

Because of its relevance for Puerto Rico, the 1985 Mexico earthquake was
discussed in some detail in the workshop. The seismotectonic processes are
similar in the Puerto Rico area (an area where the Carribean plate is being
underthrust by the American plate and large earthquakes (M _=7.5) occur about once
every 80 years) and in Mexico (an interplate zone of thrust faulting where the
Cocos tectonic plate is being subducted beneath the North American plate and
large-to—-great earthquakes occur one to several times each century). The Mexico
earthquake provided new knowledge having value for research, mitigation, and
response planning in the Puerto Rico area, reminding the earthquake engineering
community that:

-—~  Earthquakes tend to recur where they occurred in the past. Faults have a
lifecycle and an average recurrence interval for earthquakes of various
magnitudes. Earthquakes also fill seismic gaps along the boundaries of
major tectonic plates.

—~— The soil column can cause site amplification of a factor of 5 or more under
conditions of low to intermediate levels of dynamic shear strain and levels
of peak ground accelerations that are on the order of 47 of gravity. This
phenomenon can occur at sites underlain by soft soil located as far away as
400 km (250 mi) from the epicenter (for example, in Mexico City).

- Soil-structure interaction that increases the potential for severe damage
and collapse of buildings can occur when the dominant period of the rock
motion is the same as the dominant periods of the response of the soil
column and the response of the building.

- If the state—of-earthquake-preparedness and mitigation actions in an urban
area before a damaging earthquake are advanced, a damaging earthquake will

not be a disaster.

THE 10 OCTOBER 1986 SAN SALVADOR EARTHQUAKE

The San Salvador earthquake occurred just before this report went to press;
therefore, this section was included to provide timely information on this small
but very damaging earthquake. The following information is abstracted from the
post earthquake investigation by Earthquake Engineering Research Institute.

The earthquake caused an estimated 1,500 deaths, 7,000 to 10,000 injuries, $1.5
billion in damage, and left approximately 250,000 people homeless in spite of the
fact that the earthquake only had a magnitude (MS) of 5.4. The contributing
factors to the destructiveness of the earthquake include:

-- The focal depth of the earthquake was shallow (about 8 km).
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causative strike-slip type fault did not break the ground surface.

The earthquake occurred directly beneath the city of San Salvador. - The

The

distribution of the aftershock sequence suggests that rupture occurred on a
patch approximately 7 km long and 1 to 11 km in vertical extent below the

The fault ruptured to the northeast as a consequence
of tectonic stresses, not volcanic processes.

surface of the ground.

Salvador.

The earthquake, although small, generated large ground motions in San
The ground motions which were recorded in San Salvador had values

of peak horizontal ground acceleration ranging from 0.34 g to 0.71 g, peak
horizontal ground velocity ranging from 32 cm/sec to 80 cm/sec, and peak

horizontal ground displacement ranging from 4 to 15 cm.
accelerations reached 0.5 g.

The vertical

The duration of shaking was short (4 to 5

seconds) and the spectra were rich in short-period energy (0.05-0.8 second).

Figure 4 shows a comparison of the time histories for the San Salvador earthquake
recorded at the Centro de Investigaciones Geotecnicas (CIG) located 4.3 km from
the epicenter and corresponding time histories recorded in the 1971 San Fernando,

California earthquake and the 1966 Parkfield, California earthquake.

The

response spectra for each of these sets of strong motion records are shown in

Figure 5.

1971 SAN FERNANDO EARTHQUAKE

1966 PARKFIELD EARTHQUAKE

1986 SAN SALVADOR EARTHQUAKE
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Figure 4.--Comparison of acceleration, velocity, and displacement records from
the 1986 San Salvador earthquake with records from the 1971 San Fernando and

1966 Parkfield earthquakes.

Some engineers now believe that the Parkfield

earthquake would have been damaging had it occurred directly under an urban
area instead of an unpopulated area.
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The San Salvador earthquake, although small, was a significant earthquake
because of its location directly under the urban area.
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Damage in San Salvador was widespread and extensive. Approximately 10 midrise
(3-10 story) engineered buildings were either severely damaged or collapsed,
including the American Embassy. Some 30 other midrise engineered buildings also
experienced damage, but it was less severe. Five of the eight health care
facilities experienced major damage. The damage to buried lifeline systems
(water and sewer) was extensive. TFire caused about 20 of the fatalities. Damage
to nonengineered homes and buildings was extensive.

The earthquake triggered hundreds of landslides. The slides (mainly rock falls
and rock slides) occurred mainly on cut-bank slopes along streams and roadways
within unconsolidated volcanic ash and pumice units of Late Pleistocene and
Holocene age. One large slide accounted for about 200 of the fatalities. No
liquefaction-induced lateral-spread failures or liquefaction-induced sand
volcanoes were observed.

Since the earthquake was a "direct hit,” it was devastating in its own right.
However, E1 Salvador is suffering from a civil war and the losses from the
earthquake made the impact on the people and economy even more serious. San
Salvador is facing a difficult recovery phase.

DESCRIPTION OF EARTHQUAKE HAZARDS THAT COULD OCCUR IN THE PUERTO RICO AREA

All of the physical effects (hazards) described in this section can occur in the
Puerto Rico area. However, it is important to place some upper bounds on what
may happen when a large (magnitudes of 7 to 8) or great (magnitudes of 8 and
larger) earthquake recur in the Puerto Rico area.

The earthquake, a sudden abrupt release of slowly accumulating strain energy,
usually occurring within a few to few tens of cubic kilometers (miles) of the
Earth's crust, produces mechanical energy that is propagated in the form of
seismic waves radiating from the earthquake focus in all directions through the
Earth. When the energy of the high-frequency (short-period) body waves (P and S
waves) arrives at the surface of the Earth, surface waves having low frequencies
(long periods) are formed. The frequency and amplitude of the vibrations
produced at points on the Earth's surface (and hence the severity of the
earthquake) depend on the amount of mechanical energy released at the earthquake
focus, the distance and depth of the focus relative to the point of observation,
and the physical properties of the column of soil and rock at the point of
observation.

Effects--Large (such as the M=7.5 event that occurred west of Mayaguez in 1918)
and great (such as the 1985 Mexico event) earthquakes are nature's most
devastating phenomena causing considerable damage and loss in a matter of seconds
(Figure 6). The onset of a large or great earthquake is usually initially
signaled by a deep rumbling sound or by disturbed air making a rushing sound,
followed shortly by a series of violent motions of the ground. The surroundings
seem to disintegrate. Often the ground fissures with large permanent
displacements--21 feet horizontally in San Francisco in 1906 and 47 feet
vertically at Yakutat Bay, Alaska in 1899. Buildings, bridges, dams, tunnels, or
other rigid structures are sheared in two or collapse when subjected to this
permanent displacement. Vertical accelerations, on the other hand, are more
damaging to lifeline systems such as pipelines, and tunnels. Ground vibrations
can exceed the force of gravity (980 cm/sec/sec) and be so severe that large

trees are snapped off or uprooted. People standing have been knocked
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down and their legs broken by the sudden horizontal ground accelerations that are
more damaging to buildings than vertical ground accelerations.

As the ground vibrations continue, structures having different frequency-response
characteristics begin to vibrate. Sometimes resonate vibrations result. The
resonance effect is particularly destructive, since the amplitude of the
vibration increases (theoretically without limits) and usually causes structural
failure. Adjacent buildings having different frequencies of response can vibrate
out of phase and pound each other to pieces (as in the 1985 Mexico earthquake).
In any case, if the elastic strength of the structure is exceeded, cracking,
spalling, and--often--complete collapse results. Chimneys, high-rise buildings,
waste tanks, and bridges are especially vulnerable to long-period ground
vibrations; whereas, low-rise buildings are especially vulnerable to short-
period vibrations.

The walls of high-rise buildings without adequate lateral bracing frequently
fall outward, allowing the floors to cascade one on top of the other crushing
the occupants between them. In countries where mudbricks and adobe are used
extensively as construction materials, collapse is often total even to the
point of returning the bricks to dust.

Secondary effects such as landslides, fires, tsunamis (in coastal areas),
seiches, and flood waves can be generated in a large to great earthquake.

Landslides are especially damaging, and in some cases have accounted for the
majority of the life loss. The 1970 earthquake in Peru caused more than
70,000 deaths, and 50,000 injuries. Of those killed, 40,000 were swept away
by a landslide which fell 12,000 feet down the side of Mt. Huascaran. The
landslide roared through Yungay and Rauachirca at 200 miles/hr, leaving only a
raw scar where the villages had been.

Regional tectonic deformation, the unique feature of a great earthquake, can
cause changes in elevation over an area of tens of thousands of square
miles. This effect destroyed ports and harbors in the 1964 Prince William
Sound, Alaska earthquake.

The threat from fire frequently increases due to the loss of firefighting
equipment destroyed by earthquake ground shaking and the breaking of the water
mains by ground failures. Blocked access highways can hinder the arrival of
outside help. The secondary effect of fire is well illustrated by the San
Francisco earthquake of 1906, in which only approximately 20 percent of the
half billion dollars in damage was estimated to have been due the earthquake,
while the remainder was caused by the fire, which burmned out of control for
several days. One of the greatest disasters of all times, the Kwanto, Japan,
earthquake in 1923, also resulted from large fire losses. Almost 40 percent
of those killed perished in a firestorm which engulfed an open place where
people had gathered in an attempt to escape the conflagration.

Tsunamis, long-period water waves caused by the sudden vertical movement of a
large area of the sea floor duing an undersea earthquake, are particularly
destructive. As a tsunami reaches shallow water around islands, the heights
of the wave increases many times, some times reaching as much as 80 feet.
Tsunamis and ground shaking differ in their destructive characteristics.
Ground shaking causes destruction mainly in the vicinity of the causative
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fault; whereas, tsunamis cause destruction both locally and at very distant
locations from the area of tsunami generation. Both the earthquakes of
November 18, 1867, and October 11, 1918, in the Puerto Rico area had
destructive tsunamis associated with them with the maximum wave height being
about 30 feet.

Other secondary effects include the disruption of electric power and gas
service; both effects contribute to fire damage. Also, highways and rail
systems are frequently put out of service, presenting special difficulties for
rescue and relief workers.

Water in tanks, ponds, and rivers is frequently thrown from its confines. 1In
lakes, an oscillation known as "seiching” can occur, causing the water to
surge from one end to the other, reaching great heights and overflowing the
banks.

Aftershocks of a great earthquake can last for several decades. They can
trigger additional losses and disrupt the populace.

ELEMENTS INVOLVED IN AN ASSESSMENT OF POTENTIAL RISK IN THE PUERTO RICO AREA

Puerto Rico is presently conducting a study to assess the potential risk from
earthquake hazards. The assessment of the potential risk (chance of loss)
from earthquake hazards in an urban area is a complex task requiring:

—— An earthquake hazards model.
—- An exposure model (inventory).
—— A vulnerability model.

Each model is described briefly below.

Earthquake Hazards Model-—Assessment of risk is closely related to the
capability to model the earthquake hazards of ground shaking, surface fault
rupture, earthquake-induced ground failure, and regional tectonic

deformation. Most of the spectacular damage and loss of life in an earthquake
is caused by partial or total collapse of buildings as a consequence of the
severity and duration of the horizontal ground shaking. Amplification of
ground motion by the soil-rock column is an important factor in the definition
of the ground shaking hazard. However, ground failures triggered by ground
shaking (i.e., liquefaction, lateral spreads) can also cause substantial
damage and losses. For example, during the 1964 Prince William Sound, Alaska,
earthquake, ground failures accounted for about 60% of the estimated $500
million total loss with landslides, lateral spread failures, flow failures,
and liquefaction causing damage to highways, railway grades, bridges, docks,
ports, warehouses, and single family dwellings. Surface faulting, which is
generally confined to a long narrow area, has not occurred anywhere in the
Eastern United States except possibly in the 1811-1812 New Madrid

earthquakes. Surface faulting, which generally always occurs in earthquakes
of magnitude 5.5 or greater in the Western United States, has damaged lifeline
systems and single family dwellings, but has not directly caused deaths and
injuries.

The earthquake hazards model must answer the following questions:
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1. Where have past earthquake occurred? Where are they occurring now?

2. Why are they occurring?

3. How of ten do earthquakes of a certain size (magnitude) occur?

4, How bad (severe) have the physical effects (hazards) been in the past?
How bad can they be in the future?

5. How do the physical effects (hazards) vary spatially and temporally?

Exposure Model--The spatial distribution of things and people exposed to

earthquake hazards is called inventory. The inventory is one of the most

difficult models to characterize because it changes with time and as existing

buildings are altered. For risk assessment, the term structure is used to

refer to any object of value that can be damaged by the earthquake hazards of

ground shaking, surface faulting, earthquake-induced ground failure, and

regional tectonic deformation. Some generalizations involving sampling theory

are usually made to facilitate the inventory process. The various categories

of structures include:

1. Buildings (residential, agricultural, commercial, institutional,
industrial, and special use).

2, Utility and transportation structures (electrical power structures,
communications, roads, railroads, bridges, tunnels, air navigational
facilities, airfields, and water front structures).

3. Hydraulic structures (earth, rock, or concrete dams, reservoirs, lakes,
ponds, surge tanks, elevated and surface storage tanks, distribution
systems, and petroleum systems).

4, Earth structures (earth and rock slopes, major existing landslides, snow,
ice, or avalanche areas, subsidence areas, and natural or altered sites
having scientific, historical, or cultural significance).

5e Special structures (conveyor systems, ventilation systems, stacks, mobile
equipment, tower, poles, signs, frames, antennas, tailing piles, gravel
plants, agricultural equipment, and furnishings, appendages, and shelf
items in the home or office).

Vulnerability Model--A structure consists of many elements. In principle, to
predict losses, the contribution of each individual element making up the
total response of a structure must be modeled. 1In practice, certain
simplifications and generalizations are made to facilitate the modeling and
the analysis.

Vulnerability is a term describing the susceptibility of a structure or a
class of structures to damage. The prediction of the actual state of damage
that a structure will experience when subjected to a particular earthquake
hazard (such as ground shaking) is very difficult. The difficulty is due to:

--  Irregularities in the quality of the design and construction (e.g., some
are designed and built according to earthquake-resistant design
provisions of a building code; some are not).

~— Variability in material properties.
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——  Uncertainty in the level of ground shaking induced in the structure as a
function of magnitude, epicentral distance, and local site geology.

-— Uncertainty in structural response to earthquake ground shaking,
especially in the range where failure occurs.

A fragility curve that shows probability of damage versus level of ground
motion can be used to represent failure of a specific type of structure (or
elements of a structural system) when it is exposed to the dynamic forces of
ground shaking. For most structures, damage occurs as a function of the
amplitude, frequency composition, and duration of ground shaking and manifests
itself in various damage states ranging from "no damage"” to “"collapse.”
Specification of the damage states of a structure is very difficult because
each damage state is a function of the lateral-force-resisting system of the
structure and the severity of the hazard expressed in terms of forces.

Options for Planning, Research, and Mitigation--In conjunction with an
assessment of the potential risk from earthquake hazards, explicit answers are
needed for the following questions:

-- What are the viable options for planning, research, mitigation, response,
and recovery to reduce potential losses from earthquake hazards?

-— What research is needed to provide sound technical and societal bases for
devising loss-reduction measures.

The answers are needed to optimize the implementation process.

WORKSHOP PROCEDURES

The workshop was designed to enhance the interaction between all participants
and to facilitate achievement of the general and specific objectives of the
workshop stated earlier in the report. The following procedures were used:

Procedure 1l: A planning meeting was held at the FEMA Office in New York on
December 1985. Representatives of the Department of Natural Resources, the
Federal Emergency Management Agency, and the U.S. Geological Survey
participated in the meeting and produced the workshop agenda.

Procedure 2: A combination of lectures, discussion group seminars,
interactive group discussions, and program planning was used to encourage the
participants to address and solve various parts of the overall problem of
research, earthquake preparedness, and implementation.

Procedure 3: Research reports and preliminary technical papers by selected
participants were commissioned and prepared in advance of the workshop. These
documents, along with relevant USGS and FEMA reports, were distributed at the
workshop for use as basic references and a framework for discussion. The
technical reports and papers prepared by the participants were finalized
within 60 days after the workshop and are contained in this publication as a
permanent record.

Procedure 4: Scientists, engineers, planners, emergency management
specialists, and public officials gave oral presentations in six plenary



sessions and four discussion group seminars. A seminar format was adopted for
the discussion groups to enhance exchange of information. Also, most of the
presentations were in Spanish to facilitate communication. The objectives
were to: 1) integrate scientific research and hazards awareness and
preparedness knowledge, 2) define the scope of the problem indicated by the
session theme, 3) clarify what is (and is not) known about earthquake hazards
in the Puerto Rico area and, 4) identify areas where knowledge is still
critically needed. These presentations served as a summary of the state-of-
knowledge and gave a multidisciplinary perspective.

Procedure 5: A certificate was awarded to each participant at the end of the

workshop.

PLENARY SESSIONS AND DISCUSSION GROUP SEMINARS

The themes, objectives and speakers for each plenary session and discussion
group seminar are described below. The sequence denotes their chronological
order in the workshop.

SESSION I WELCOME, OBJECTIVES, AND BACKGROUND INFORMATION
—-The Honorable Alejandro Santiago Nieves, Secretary,
Department of Natural Resources
--Walter Hays, U.S. Geological Survey

Seismotectonic Setting of Mexico and Puerto Rico

Objective: A brief summary of the geologic and seismological
knowledge on Mexico and Puerto Rico.

Speakers:

—--David Schwartz, U.S. Geological Survey

—-William McCann, Lamont-Doherty Geological Observatory (now
with the University of Puerto Rico, Mayaguez)

Landslide Hazards of Puerto Rico

Objective: A review of the overall landslide hazards on Puerto
Rico and a summary report of the 1985 Mameyes landslide event.

Speaker:
—--Randy Jibson, U.S. Geological Survey

Puerto Rico Vulnerability Study

Objective: A status report of the Puerto Rican vulnerabilty
study initiated in 1985 and a preliminary evaluation of the
results.

Speakers:

—--Mariano Vargas, Department of Natural Resources
—--Rafael Jimenez, University of Puerto Rico
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Discussion Group Seminars

Four simultaneous seminars were held in small discussion groups to address
dif ferent concermns in Puerto Rico.

Objective:

Seminar 1:

Leaders:

Seminar 2:

Leaders:

Seminar 3:

Leaders:

Seminar 4:

Leaders:

SESSION ITI:

Objective:

Speakers:

The objectives of each seminar was to motivate participants to
address the questions: 1) What is happening in Puerto Rico to
increase preparedness and to foster the implementation of other
loss-reduction measures, and 2) what can the Commonwealth of
Puerto Rico do to improve its capability to assess the risk,
disseminate the information, and implement loss reduction

me asures?

Ground Shaking Hazard and Vulnerability of Structures

~~Rafael Jimenez, University of Puerto Rico
—-Bernardo Deschapelles, Consulting Engineer
--Walter Hays, U.S. Geological Survey

Ground Failure Hazards and Land-use Planning and Regulation

—~Hermenegildo Ortiz, University of Puerto Rico
--Jose Rodriguez, Puerto Rico Planning Board

Economic Impact and Public Awareness

--Fernando Zalacain, University of Puerto Rico
~-Mariano Vargas, Department of Natural Resources
~-Richard Krimm, Federal Emergency Management Agency
—-Paula Gori, U.S. Geological Survey

Professional Awareness and Building Codes

——-Samuel Diaz, ARPE
-—-Enrique Ruiz, College of Engineers

ACTIVITIES IN PUERTO RICO

To discuss the kinds of earthquake preparedness activites that
are underway in Puerto Rico and to address the following
questions: 1) What is happening in Puerto Rico to increase
preparedness and the implementation of other loss-reduction
measures, and 2) what suggestions can participants of this
seminar make to assist the Commonwealth of Puerto Rico in
assessing the risk, disseminating the informtion, and
implementing loss reduction measures?

Panelists representing the four discussion group seminars
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SESSION IITI:

Objective:

Speakers:

Panelists:

SESSION IV:

Speakers:

SESSION V:

Speakers:

REPORT OF COMMISSION ON MEXICO EARTHQUAKE

To present the report of the Commission on the Mexico
Earthquake

To communicate and discuss the principal results of the post-
earthquake investigation of the September 19, 1985, Mexico
earthquake.

-—Ruth Carreras, Department of Natural Resources
—--Miguel Santiago, University of Puerto Rico
—-Rafael Jimenez, University of Puerto Rico
—-Samuel Diaz, ARPE

--Carlos Rodriguez, University of Puerto Rico
~-Hermenegildo Ortiz, University of Puerto Rico
—-Jose Martinez, University of Puerto Rico
—-Juan Taraza, Puerto Rico Cement

Panel discussion on experiences in Mexico and their application
in Puerto Rico

Richard Krimm, Federal Emergency Management Agency,
Headquarters

~—Ruth Carreras, Department of Natural Resources
--Miguel Santiago, University of Puerto Rico
—-Rafael Jimenez, University of Puerto Rico
—-Samuel Diaz, ARPE

-—Carlos Rodriguez, University of Puerto Rico
——-Hermenegildo Ortiz, University of Puerto Rico
-~-Jose Martinez, University of Puerto Rico

-=Juan Taraza, Puerto Rico Cement

REPORT ON MAMEYES LANDSLIDE AND OTHER LANDSLIDE HAZARDS IN
PUERTO RICO

Objective: To communicate the current knowledge of landslide
hazards in Puerto Rico and to recommend specific activities to
accelerate mitigation actions

--Carlos Rodriguez Molina, Caribbean Soil Testing, Inc.

--Alejandro Soto, University of Puerto Rico
—-Ramon Alonso, Department of Natural Resources

EMERGENCY RESPONSE PLANNING IN PUERTO RICO

Objective: To communicate the current status of emergency
response planning in Puerto Rico

——-Ruth Carreras, Department of Natural Resources
——-Heriberto Acevedo, Department of Civil Defense
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SESSION VI: CONSIDERATION OF THE NEXT STEPS

Objective: Does Puerto Rico have problems in the topical areas
covered in this workshop? 1If we don't know, how do we find
out? 1If the answer is "yes,"” how do we solve these problems?
If lacking, can the required technology be transferred to
Puerto Rico? How?

Speakers: --Alejandro Santiago Nieves, Department of Natural Resources
--Patria Custodio, Puerto Rico Planning Board

CLOSURE
Speakers: --Ruth Carerras, Department of Natural Resources
—--Richard Krimm, Federal Emergency Management Agency,
Headquarters
--Walter Hays, U.S. Geological Survey
APPENDICES

Four appendices are included with this report. They are:

Appendix A: Glossary of technical terms used in the evaluation of earthquake
hazards assessments. (English and Spanish)

Appendix B: Strong Motion accelerograph stations in Puerto Rico.
Appendix C: FEMA's Earthquake Hazards Reduction Publications.
Appendix D: List of participants in the workshop.
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NEXT STEPS - THE ROLE OF THE DEPARTMENT OF NATURAL RESOURCES

Remarks of the Honorable Alejandro Santiago Nieves, Secretary of
the Department of Natural Resources of the Commonwealth of Puerto
Rico, before the Third Annual Workshop on Geologic Hazards in
Puerto Rico, at the Caribe Hilton Hotel, San Juan, Puerto Rico, on
Friday, 16 May 1986

1 am pleased to be able to share with you this morning some ideas that

have been generated by this conference.

On Wednesday morning, I spoke briefly about some of the possibilities
for our public awareness program. Today, I want to touch specifically on
the role of the Department of Natural Resources in the areas of research and

preparedness related to geologic hazards.

We know that Puerto Rico is subject to almost every kind of natural
disaster: earthquakes, floods, hurricanes, landslides, and tsunamis. Now
we are advised that we must begin to prepare ourselves against a new threat:
the slow rise in the level of the sea that is a result of the release of
carbon dioxide into the atmosphere. We have been told that the National
Academy of Sciences will issue a report later this year confirming the
existence of that phenomenon and projecting a rise in sea level of about

one foot in the next 30 years.

What can we do about it and the other hazards to reduce losses to life

and property within the mandate of existing statutes?

The Department of Natural Resources was established by the Legislative
Assembly as an agency to administer the Island's natural resources: the water,

soils and minerals, as well as the many different kinds of living resources.
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Honorable Alejandro Santiago Nieves
16 May 1986 page 2

The statute requires us to maintain a balance between conservation of resources
for the use of future generations and their beneficial use for the present
population. The Department has, among its specialists, representatives of a
broad range of disciplines: biologists, ecologists, foresters, geologists,
limnologists, oceanographers and zoologists, plus architects, engineers, lawyers
and a Ranger Corps. We promulgate regulations concerning the use of certain
resources, and our Ranger Corps is responsible for enforcing them. But in general
terms, our regulatory powers are minimal when compared to those of the Planning

Board. What, then is our role in disaster preparedness?

The work we have been carrying on related to natural disasters started
as one element of the Puerto Rico Coastal Zone Management Program. A task on
coastal hazards was initiated in 1978. Before one year had passed, however,
that task was transformed by Hurricane David and Tropical Storm Frederick into
a much broader responsibility under Executive Order 3669 of the Governor, which
made the Department responsible for preparing flood hazard mitigations plans

when required as a condition of the Federal disaster assistance. The initial

effort has always been supported by funds provided under the coastal zone
management program of the U.S. Department of Commerce. It still continues, but
when the Congress this year extended the life of the coastal zone program, they
included a requirement that the local matching share of the program funds must

be increased from 20 per cent to 50 per cent within the next few years.

When the Federal Emergency Management Agency announced the national
program aimed at reducing losses from hurricanes and earthquakes, the Department

of Natural Resources took action to insure that Puerto Rico was included in
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Honérable Alejandro Santiago Nieves
16 May 1986 page 3

both programs, and subsequently was assigned the responsibility for the
initial vulnerability analyses. FEMA has been providing very small sums of
money for these programs. The work has proceeded slowly, because it has been
necessary to organize new units within the Department to undertake activities
that were not comprehended in the statutes. Now, as a result of last year's
tragedy at Mameyes, we expect to receive funding from the U.S. Geological

Survey for a special study of landslide activity in Puerto Rico.

Because of the Department's continuing major concern with water resources,
the Legislative Assembly transferred to it the responsibility for flood control
activity. When FEMA created its State Assistance Program, related to the
National Flood Insurance Program, the Department -accepted the responsibility
for developing the public awareness and monitoring program. The Department
has negotiated contracts with FEMA for other projects under the flood insurance
program, including the insurance rate study~of the Rio Guanajibo and the current
special work on hurricane storm surges along the coast, which will serve as a

basis for modifying the flood insurance rate maps.

We do not operate in a vacuum. The Department depends upon the Planning
Board, the University of Puerto Rico, and other agencies for much of the data
and other information necessary for the conduct of essential studies. Some
work has been contracted to the Board and to the University, as well as to
individual faculty members. Further, the Department does not make direct use
of the products of these activities, but passes them on to the State Civil
Defense Agency, for use in developing plans for responding to specific kinds

of emergency situations, or to the Planning Board, to guide its planning and
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Honorable Alejandro Santiago Nieves
16 May 1986 page 4

regulation of land use in general and in the taking of decisions in specific

instances.

1 stated on Wednesday that the task of raising public awareness about
geologic hazards that exist in Puerto Rico is too much for one agency. I find
that such a task is not actually contemplated in the statutes, and that a new
approach is necessary. Although the Department is reasonably well equipped
to conduct vulnerability studies, and does have an Office of Information and
Publications which produces reports and materials for public education about
natural resources, it is not in a position to compel cooperation, much less

the participation of other government agencies, or of the private sector.

Further, most of the effort related to vulnerability analysis has been
conducted with Federal funds. We know that unless the course of Federal budgeting
is dramatically altered within the next few months, the Gramm-Rudman-Hollings
Act will cause most of the Federal programs on which we depend to be drastically
reduced, if not eliminated. Therefore, we must begin now to seek other

resources to support these activities, if indeed they are considered important.

In addition, I believe that there must be a much ligher level of awareness
about natural hazards in Puerto Rico, and that there is much more information that
must be brought together, through research into historic events as well as
special research into economic engineering, geologic, seismic and social aspects
of natural hazards. Puerto Rico has many engineers, lawyers, economists, and
sociologists, and a few geologists, but at present there is no professionally

trained seismologist working on the Island.
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Honorable Alejandro Santiago Nieves
16 May 1986 ~ge 5
In the light of that situation, I strongly urge the establishment of
a commission to review the situation and to recommend to the Governor and
the Legislative Assembly a program of action along the following lines:
1. Establish a high level advisory council to consider all aspects
of hazard mitigation related tonatural hazards;
2. Develop a program of studies and research designed to fill
existing gaps in our knowledge about such events;
3. Design and implement a program of public awareness, involving
all levels of society and all economic sectors;
4. Estimate the resources required on a long term basis, and
obtain a legislative commitment for funding, possibly to be
supplemented by resources from foundations, Federal programs,

and the private sector.

The concept has not been worked out in detail, but I believe it could
follow the pattern of the Southern California Earthquake Preparedness Project,
a very small group of dedicated people who have generated excellent materials
and support within its area of concern. I believe that such a group must be
non-partisan, and outside of the government, although it should receive
public agency support. I am willing for the Department to play a key role
in developing the activity, but I do not have the resources to carry it on

alone.

I invite the suggestions and especially the support of the participants

in this workshop, to improve the concept and to implement it.

Thank you for your attention.
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LOS SIGUIENTES PASOS - EL ROL DEL DEPARTAMENTO DE RECURSOS NATURALES
PONENCIA DEL HON. ALEJANDRO SANTIAGO NIEVES, SECRETARIO DEL
DEPARTAMENTO DE RECURSOS NATURALES DEL ESTADO LIBRE ASOCIADO DE PUERTO Rico,
ANTE EL TERCER TALLER ANUAL SOBRE RIESGOS GEOLOGICOS EN PUERTO RIco,

EN EL HOTEL CARIBE HILTON, SAN JuaN, PUERTO RICO EL DIA VIERNES
16 DE Mavo DE 1986

DR. Hays, DoNA PATRIA, DAMAS Y CABALLEROS PRESENTES. ME COMPLACE MUCHO
EL PODER COMPARTIR GON USTEDES EN ESTA MANANA ALGUNAS IDEAS QUE HAN SURGIDO
DE ESTE TALLER.

EN LA MANANA DEL MIERCOLES, MENCIONE BREVEMENTE ALGUNAS DE LAS “POSIBILIDADES

EXISTENTES PARA NUESTRO PROGRAMA DE CONCIENTIZACION AL P(BLICO. EN EL DIA DE
HOY, ME GUSTARIA TRATAR ESPECIFICAMENTE EL TEMA DEL ROL QUE DESEMPENA EL DEPAR-
TAMENTO DE RECURSOS NATURALES EN LAS AREAS DE INVESTIGACION Y PREPARATIVOS
CONCERNIENTES A PELIGROS GEOLOGICOS. ESTAMOS CONSCIENTES DE QUE PUERTO RICO
ESTA SUJETO A CASI TODO TIPO DE DESASTRES NATURALES: TERREMOTOS, INUNDACIONES,
HURACANES, DERRUMBAMIENTOS Y TSUNAMIS. AHORA NOS DEBEMOS IR PREPARANDO PARA
UNA NUEVA AMENAZA: EL LEVE CRECIMIENTO QUE LA EMISION DE DIOXIDO DE CARBONO
EN LA ATMOSFERA ESTA OCASIONANDO EN EL NIVEL DEL MAR. SE NOS HA: INFOR-
MADO QUE LA ACADEMIA NACIONAL DE CIENCIAS SOMETERA UN INFORME, MAS ADELANTE, EN
DONDE SE CONFIRMARA LA EXISTENCIA DE ESTE FENOMENO. EN ESTE INFORME SE ESTIMA
UN CRECIMIENTO EN EL NIVEL DEL MAR DE ALREDEDOR DE UN PIE, PARA LOS PROXIMOS
30 ANoS.

¢QUE SE PUEDE HACER EN CUANTO A ESTO Y A OTROS PELIGROS PARA REDUCIR LOS
RIESGOS A LAS VIDAS Y LAS PROPIEDADES DENTRO DE LO ESTIPULADO EN LOS ESTATUTOS
EXISTENTES?
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EL DEPARTAMENTO DE RECURSOS NATURALES FUE CREADO POR LA ASAMBLEA
LEGISLATIVA COMO AGENCIA ADMINISTRADORA DE LOS RECURSOS NATURALES DE LA
ISLA, ENTIENDASE AGUA, SUELOS Y MINERALES Y LOS DISTINTOS  TIPOS DE
RECURSOS VIVIENTES. EL ESTATUTO REQUIERE DE NOSOTROS QUE SE MANTENGA UN
BALANCE ENTRE LA PRESERVACION DE RECURSOS PARA EL USO Y BENEFICIO DE GENE-
RACIONES FUTURAS Y SU USO EN EL PRESENTE. EL DEPARTAMENTO CUENTA ENTRE
SUS ESPECIALISTAS CON REPRESENTANTES DE NUMEROSOS CAMPOS: BIOLOGOS, ECOLOGOS,
GUARDABOSQUES, GEOLOGOS, LIMNOLOGOS, OCEANOGRAFOS, ZOOLOGOS, AL IGUAL QUE
ARQUITECTOS, INGENIEROS, ABOGADOS Y EL CUERPO DE V!GILANTES. NOSOTROS PRO-
MULGAMOS LOS REGLAMENTOS EN CUANTO AL USO DE CIERTOS RECURSOS Y NUESTRO
CUERPO DE VIGILANTES SE ENCARGA DE IMPLANTARLOS. SIN EMBARGO, EN TERMINOS
GENERALES, NUESTROS PODERES REGULATORIOS SON MINIMOS COMPARADOS A LOS DE LA
JUNTA DE PLANIFICACION.

¢CUAL ES, ENTONCES, NUESTRO ROL EN PREPARATIVOS CONTRA DESASTRES?

EL TRABAJO EN EL CUAL NOS HEMOS VENIDO DESEMPENANDO CONCERNIENTE A
DESASTRES NATURALES COMENZO COMO PARTE DEL PROGRAMA DE MANEJO DE LA ZONA
COSTANERA DE PUERTO RICO. UNA TAREA DEL PROGRAMA, SOBRE PELIGROS COSTANEROS,
FUE INICIADA EN 1978. ANTES DE HABERSE FINALIZADO EL ANO, Y DEBIDO AL
HURACAN DAVID Y A LA TORMENTA TROPICAL FEDERICO, ESTA ACTIVIDAD SE CONVIR-
TIO EN UNA RESPONSABILIDAD DE MAYOR ENVERGADURA EN 1979, BAJO LA ORDEN
EJECUTIVA No. 3669, SE TRANSFORMO ESTA TAREA EN LA OBLIGACION DE PREPARAR
PLANES DE MITIGACION DE PELIGROS DE INUNDACION, CUANDO AST FUESE REQUERIDO

COMO_UNA CONDICION DE ASISTENCIA FEDERAL CONTRA DESASTRES. ESTE ESFUERZO

INICIAL HA SIDO APOYADO SIEMPRE CON FONDOS PROVISTOS POR EL DEPARTAMENTO DE
COMERCIO FEDERAL BAJO EL PROGRAMA DE MANEJO DE LA ZONA COSTANERA. AUNQUE EL
ESFUERZO AUN CONTINUA, YA QUE EL CONGRESO HA ADOPTADO UNA MEDIDA EXTENDIENDO
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LA DURACION DEL PROGRAMA, A LA VEZ SE REQUIERE QUE EL PAREO LOCAL
CORRESPONDIENTE SEA AUMENTADO DE UN 20 POR CIENTO A UN 50 PORCIENTO EN LOS
PROXIMOS ANOS. CUANDO LA AGENCIA FEDERAL DE MANEJO DE EMERGENCIAS ANUNCIO EL
OBJETIVO DE LOS PROGRAMAS NACIONALES DE REDUCIR LAS PERDIDAS OCASIONADAS POR
HURACANES Y TERREMOTOS, EL DRN QUISO ASEGURARSE DE QUE PUERTO RICO FUESE
INCLUIDO EN AMBOS PROGRAMAS. (OMO CONSECUENCIA, SE LE FUE ASIGNADA LA RES-
PONSABILIDAD DEL ANALISIS DE VULNERABILIDAD INICIAL, FEMA HA ESTADO CONTRI-
BUYENDO CON CANTIDADES MUY PEQUENAS PARA ESTOS PROGRAMAS. DEBIDO A QUE EL
DEPARTAMENTO HA TENIDO QUE CREAR NUEVAS UNIDADES PARA DESEMPENAR LAS ACTIVI-
DADES NECESARIAS - UNIDADES NO INCLUIDAS EN LOS ESTATUTOS - EL TRABAJO SE HA
DESARROLLADO MUY LENTAMENTE. EN EL PRESENTE, COMO RESULTADO DE LA TRAGEDIA
OCURRIDA EN MAMEYES EL ANO PASADO, CONTAMOS CON LOS FONDOS DEL SERVICIO
GEoLOGICO DE LOS E.E.U.U. PARA UN ESTUDIO ESPECIAL SOBRE ACTIVIDAD DE DERRUM-
BAMIENTO EN PUERTO RIcoO.

DADO EL CONTINUADO INTERES DEL DEPARTAMENTO CONCERNIENTE A LOS RECURSOS
DE AGUA, LA ASAVMBLEA LEGISLATIVA LE TRANSFIRIO A ESTE LA RESPONSABILIDAD DEL
CONTROL DE INUNDACIONES. CuAaNDO FEMA CREO EL PROGRAMA DE ASISTENCIA A LOS
ESTADOS, ASOCIADO AL PROGRAMA NACIONAL DE SEGUROS CONTRA INUNDACIONES, EL
DEPARTAMENTO ACEPTO LA RESPONSABILIDAD DE DESARROLLAR LA CONCIENCIA PUBLICA
Y LA DEL PROGRAMA DE MONITORIA, EL DEPARTAMENTO HA NEGOCIADO ALGUNOS CON-
TRATOS CON FEMA PARA OTROS TIPOS DE TRABAJOS BAJO EL PROGRAMA DE SEGUROS
CONTRA INUNDACIONES. INCLUIDOS EN ESTO ESTAN, EL ESTUDIO DE LA TASA DE SEGUROS
CONTRA LAS INUNDACIONES PARA EL RIO GUANAJIBO Y EL TRABAJO ESPECIAL EN
PROCESO SOBRE MAREAS ALTAS GENERADAS POR TORMENTAS HURACANADAS A LO LARGO DE
DE LA COSTA, EL CUAL SERVIRA COMO BASE PARA LA MODIFICACION DE LOS MAPAS
FEDERALES DE TASAS DE SEGUROS CONTRA INUNDACIONES.
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No ESTAMOS OPERANDO DENTRO DE UN VACIO., EL DEPARTAMENTO CUENTA CON
LA JUNTA DE PLANIFICACION, LA UNIVERSIDAD DE PUERTO RICO Y OTRAS AGENCIAS
PARA OBTENER MUCHOS DE LOS DATOS E INFORMACION NECESARIA PARA LLEVAR A CABO
ALGUNOS DE SUS ESTUDIOS. PARTE DEL TRABAJO HA SIDO ASIGNADO A LA JUNTA Y A
LA UNIVERSIDAD Y A MIEMBROS INDIVIDUALES DE LA FACULTAD. APARTE, EL
DEPARTAMENTO NO HACE USO DIRECTO DE LOS RESULTADOS DE ESTAS ACTIVIDADES SINO
QUE ESTOS LE SON ASIGNADOS A LA AGENCIA ESTATAL DE LA DEFENSA CIVIL, PARA
QUE SEAN UTILIZADOS EN EL DESARROLLO DE PLANES DE RESPUESTA A LAS DISTINTAS
SITUACIONES DE EMERGENCIA. DE IGUAL MANERA, LA JUNTA DE PLANIFICACION LOS
UTILIZA COMO GUIA EN LA PLANIFICACION Y REGULACION DEL USO DEL TERRENO EN
GENERAL, AL IGUAL QUE EN SITUACIONES O CASOS ESPECIFICOS QUE REQUIERAN UNA
ACCION DE LA JUNTA.

CoMO PLANTEE EL MIERCOLES, LA TAREA DE AUMENTAR LA CONCIENCIA PUBLICA
ACERCA DE LOS PELIGROS GEOLOGICOS EXISTENTES EN PUERTO RICO ES EXCESIVA
PARA UNA SOLA AGENCIA. DE HECHO, CONSIDERO QUE DICHA TAREA NO ESTA INCLUIDA
EN LOS ESTATUTOS, POR LO QUE SE NECESITA ESTABLECER UN NUEVO ACERCAMIENTO.
AUNQUE EL DEPARTAMENTO ESTA MODERADAMENTE BIEN EQUIPADO PARA LLEVAR A CABO
ESTUDIOS DE VULNERABILIDAD, Y CUENTA CON UNA OFICINA DE INFORMACION Y
PUBLICACIONES, LA CUAL PRODUCE INFORMES Y PANFLETOS PARA ORIENTAR AL PUBLICO
ACERCA DE LOS RECURSOS NATURALES, EL DEPARTAMENTO NO CUENTA CON EL PODER
NECESARIO PARA ASEGURAR LA COOPERACION, Y AUN MENOS, LA PARTICIPACION DE
OTRAS AGENCIAS O DEL SECTOR PRIVADO.

Mis AON, LA MAYOR PARTE DE LOS ESFUERZOS ESPECIALES REALIZADOS, RELA-
CIONADOS A LOS ANALISIS DE VULNERABILDIAD, HAN SIDO LLEVADOS A CABO CON
FONDOS FEDERALES. SABEMOS QUE A MENOS QUE EL PROCESO PRESUPUESTARIO FEDERAL
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SEA ALTERADO CONSIDERABLEMENTE EN LOS PROXIMOS MESES, EL ACTA GRAMM-RUDNAN
HOLLINGS OCASIONARA QUE MUCHOS DE LOS PROGRAMAS FEDERALES CON LOS CUALES
HEMOS CONTADO, SEAN REDUCIDOS NOTABLEMENTE, SINO SON ELIMINADOS POR COMPLETO.
POR CONSIGUIENTE, DEBEMOS BUSCAR EN ESTOS MOMENTOS OTRAS FUENTES DE RECURSOS
QUE APOYEN ESTAS ACTIVIDADES SI ES QUE DE HECHO SON CONSIDERADAS
IMPORTANTES.

ADEMAS, CONSIDERO QUE SE DEBE CREAR UN NIVEL DE CONCIENCIA PUBLICA
ACERCA DE L0S PELIGROS NATURALES EN PUERTO RICO MUCHO MAS ELEVADO. EN
ADICION, HAY MUCHA MAS INFORMACION QUE DEBE DE SER RECOPILADA A TRAVES DE
TRABAJOS DE INVESTIGACION EN SUCESOS HISTORICOS, AL IGUAL QUE EFECTUAR
TRABAJOS DE INVESTIGACIONES ESPECIALES EN ECONOMIA, INGENIERIA, GEOLOGIA Y
LOS ASPECTOS SISMICOS Y SOCIALES DE LOS PELIGROS NATURALES. PUERTO RiCO
CUENTA CON MUCHOS INGENIEROS, ABOGADOS, ECONOMICOS, SOCIOLOGOS Y ALGUNOS
GEOLOGOS, PERO EN ESTE MOMENTO, NO EXISTE NINGUN SISMOLOGO PROFESIONAL
TRABAJANDO EN LA ISLA, EN VISTA DE ESTA SITUACION, INSTARIA FUERTEMENTE
A LA CREACION DE UNA COMISION QUE REVISASE ESTA SITUACION Y RECOMENDARA AL
GOBERNADOR Y A LA ASAMBLEA LEGISLATIVA UN PROGRAMA DE ACCION SIGUIENDO LAS
SIGUIENTES NORMAS:

1, ESTABLECER UN CONSEJO ASESOR A ALTO NIVEL QUE CONSIDERE TODOS LOS
ASPECTOS DE LA MITIGACION DE PELIGROS RELACIONADOS CON DESASTRES
NATURALES.

2. DESARROLLAR UN PROGRAMA DE ESTUDIOS E INVESTIGACIONES DISENADO
PARA SUPLEMENTAR NUESTRO CONOCIMIENTO ACERCA DE ESTOS EVENTOS.

3. DISENAR E IMPLEMENTAR UN PROGRAMA DE CONCIENTIZACION PUBLICA
QUE ENVUELVA A TODOS LOS SECTORES DE LA SOCIEDAD Y DE LA
ECONOMIA.,
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4, HACER UN ESTIMADO DE LOS RECURSOS QUE SE NECESITAN A LARGO ALCANCE;
OBTENER UN APOYO LEGISLATIVO PARA LA ASIGNACION DE FONDOS; ESTO
OLTIMO, POSIBLEMENTE SUPLEMENTADO POR FUNDACIONES, PROGRAMAS FEDERA-
LES Y LA INDUSTRIA PRIVADA,

LA IDEA GENERAL NO HA SIDO DETALLADA AN, PERO CONSIDERO QUE PODRIA
IMITAR EL MODELO DEL PROYECTO DE PREPARATIVOS CONTRA TERREMOTOS DE CALIFORNIA
DEL SUR, SIENDO ESTE UN PEQUENO GRUPO DE PERSONAS MUY DEDICADAS QUE HAN GENE-
RADO DENTRO DE ESTA AREA UN MATERIAL Y APOYO EXCELENTE, CREO QUE DICHO
GRUPO DEBE SER UNO NO-AFILIADO Y FUERA DEL SISTEMA DE GOBIERNO, AN CUANDO
RECIBA EL APOYO DE UNAS AGENCIAS P{BLICAS,

ESTOY DISPUESTO A QUE EL DEPARTAMENTO JUEGUE UN PAPEL IMPORTANTE EN EL
DESARROLLO DE ESTA ACTIVIDAD, PERO NO CONTAMOS CON LOS RECURSOS PARA LLEVAR
ESTO A CABO SOLOS,

ESTOY DISPUESTO A ACEPTAR SUGERENCIAS Y ESPECIALMENTE, EL APOYO DE LOS
PARTICIPANTES DE ESTE TALLER EN CUANTO A COMO MEJORAR E IMPLEMENTAR ESTA
IDEA.,

MUCHAS GRACIAS POR LA ATENCION PRESTADA,
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HISTORIC EARTHRUAKES AND THE EARTHOUAKE HAZARD OF FUERTO RICO
William R. McCann

Lamont-Doherty Geological Observatory
Palisades, New York, 10964

Puerto Rico lies“ in the northeastern portion of the
Caribbean seismic zone. Most seismic activity to date has
occurred in the offshore regions swrounding the island. This
fact, when combined with marine reflection and other geophysical
data indicate that Puerto Rico and the Virgin Islands share a
coherent tectonic block that lies in the plate boundary =zone
between the North American and Caribbean plates.

PUERTO RICO TRENCH

To the north of Puerto Rico lies the Puerto Rico trench
(Figure 1), the site of active obligue subduction of the North
American plate beneath the island. In this century several strong
earthgquakes(Ms 6-7) have occurred there, and in the historic
record there is evidence for a possible great earthquake (8-
8.25Ms) in 1787. The main sources of strong shocks may not come
from the large thrust fault that lies beneath and off the north
coast of the island, but rather from the two rather complicated
sections of that fault, to the northwest of the island and to the
north of the Virgin Islands, that branch off from the Puerto Rico
Trench. Strain rates in the Fuerto Rico trench may be an order of
magnitude greater than in the fault zones found around the
western, southern and eastern parts of the island.

MUERTOS TROUGH

To the south of the island lies the Muertos trough (Figure

1). This deep, linear feature exhibits all of the characteristics
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of the site of active underthrusting. Seismic activity in this
century 1is much lower than the levels found for the Puerto Rico
trench to the north, suggesting that the rate of motion of the
faults in the south is much lower than on the faults +to the
north. Nevertheless, strong earthquakes, with apparently local
origin, of about Modified Mercalli intensity V or more shook the
south coast in 1908 and 1967. Other strong shocks which may be
significant, but for which the data are few, occurred in 1740,
1787, 1844 and 1903Z. In each of these cases the earthquakes
clearly occurred in the southern part of the island or the region
immediately offshore, but in no case was faulting observed
onland.
MONA FASSAGE

To the west of Puerto Rico lies the Mona Fassage, a complex
tectonic element separating Fuerto Rico from Hispaniola. The
strong differences in the Miocene to recent tectonic activity
observed on these two islands demonstrates the importance of the
Mona Passage region in the plate tectonics of the region. Its
exact role is still rather obscure and the seismic activity to
date does not shed much light on this enigmatic feature. The
great southern Puerto Rico fault zone (GSPRFZ) passes offshore to
form the southern boundary of the northerly trending Mona Canyon
(Figure 1). To the south of the GSFRFZ, both off and onshore, are
several fault systems, but none of them appear to be as prominent
as the GSPRFZ. Asencio (1980) reports the location of several
shallow microearthquakes in this southwestern corner of Fuerto
Rico. Perhaps the regional stress ig partially relieved here by

failure on faults associated with the numerous serpentinite
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bodies. They may be more prone to failure than faults cutting
other rock types found in Puerto Rico.

The west coast of Puerto Rico has experienced more strong
shocks and certainly has sustained more damage than the south
coast. Historic earthquakes of the Mayaguez region (MAZ, Figure
1) include several strong shocks of the more active Mona canyon
region to the northwest. It is therefore more difficult, with the
data on hand, to distinguish between the numerous possible
sources. One of the strongest shocks in the history of Fuerto
Rico occurred in 1918, but we have little information about its
source characteristics, fault dimension or orientation.

ANEGADA TROUGH

O+ the south east coast of Fuerto Rico lies the
southwestern terminus of the Anegada Trough. This active tectonic
feature has produced at least one damaging earthquake in the last
200 years, that of 1867. McCann (1984) estimated the magnitude of
that shock at about 7.5, based on a comparison of the observed
intensities with those of the shock in 1918 in northwestern
Fuerto Rico. There are at least four other parts of this trough
that have faults long enough to produce shocks larger than 7.0Ms.
Again the rates of movement along these faults is probably an
order of magnitude less than the rates of motion in the Fuerto
Rico trench.

The historic record of Fuerto Rico provides sufficient data
to begin to estimate the recurrence intervals of widely felt

shocks (greater than Modified Mercalli VII). Figure 2 displays
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the times of occurrence of strong shocks. In this analysis we are
forced to use all events of either intensity VII o VIII and
greater affecting any given part of the island. So the recurrence
times are for the interval of time between successive events
affecting any part of Puerto Rico. Recurrence intervals of any
given site are likely to be less. Recurrence times vary by more
than an order of magnitude from 2 years to more than 68 vyears.
Most of the recuwrence times fall between 29 and 68 vyears. The
very short recurrence times (2 years) probably represent complex
faulting processes. The historic data indicate that two or three
times every century Puerto Rico experiences a strong earthquake.
If these data are an accurate representation of the level of
seismic activity for Puerto Rico, they demonstrate that Fuerto
Rico is now in the time frame for another strong earthquake
(MM>VII). Figures 32 and 4 display, in bar graph format, the
numbers of events that have occurred with the varying recurrence
intervals. For intensity VIII or larger (Figure 3I) one can
clearly see that in the last two centuries, the island has not
#perienced such a long interval without a shock as the one it is

now observing. Similarly for intensity VII or larger (Figue 4),
one can see the generally shorter recurrence intervals and the
great length of time that has passed since the last strong shock.

CONCLUSIONS

The information collected in the last decade has clarified

our understanding of the nature of the seismic zone near Fuerto
Rico. Numerous active faults are located in the offshore region:
some may extend onshaore. The historic record indicates that two

or three time every century Puerto Rico is shaken by a strong
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earthquake. Given that the last strong shock occurred over 68
years ago the island is now in a period when another strong shock

may occur.
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EVALUATING EARTHQUAKE RECURRENCE IN THE NORTHEASTERN CARIBBEAN:
LESSONS FROM THE 1985 MEXICAN EARTHQUAKE
AND AREAS OF FUTURE RESEARCH IN PUERTO RICO

David P. Schwartz
U.S. Geological Survey
Menlo Park, California

The Mexicarn Earthquake - Insights into Earthquake Behavior

The Mexican earthquake of 19 September 1985 can provide important in-
sights into understanding earthquake behavior along subduction zones. In this
regard, it has applications to evaluating earthquake recurrence on seismic
sources that affect Puerto Rico. Large magnitude earthquakes along coastal
Mexico result from subduction of the Cocos plate below the North Amerian plate
along the section of Middle America trench referred to as the Mexican subduc-
tion zone. The rate of plate convergence is high, about 6 to 7 cm/yr. The 19
September earthquake had a magnitude of h& = 8.1, and ruptured an approximate-
ly 160 km length of the plate boundary. It was followed on 21 September by a
M = 7.6 aftershock that extended an additional 75 km south from the south end
of the mainshock rupture. The location of the 19 September earthquake was no
surprise, It filled a recognized seismic gap, called the Michoacan gap, that
had been defined on the basis of the location of historical and instrumentally
recorded earthquakes along the Mexican subduction zone (Singh and others,
1981).  Mexico has experienced 42 earthquakes of M > 7 since about 1900.
However, with the exception of a M = 7.3 event in 1981, the Michoacan gap had
experienced no events during this time although large earthquakes had repeat-
edly occurred to the north and south. The important point is that because of
the high rate of plate convergence and the resulting large number of events, a
pattern of seismicity emerged that led to the recognition of where the next
large earthquake along the zone was most likely to occur.

Characterizing Seismic Sources in Puerto Rico

The historical seismic record for Puerto Rico extends back to 1524 (see
Asencio, 1980; McCann and Sykes, 1984). Between then and the present earth-
quakes have caused damage across the island. Many of these have been large
magnitude events, such as the Ng 7.5 1918 Mona Canyon earthquake or the M 8 to
8-1/4 1787 Puerto Rico trench earthquake. An important observation is that

* U.S. Geological Survey, Menlo Park, CA 94025,
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damaging earthquakes in Puerto Rico have been produced by a variety of differ-
ent sources. These include the interface between the Caribbean and North
American plates in the Puerto Rico trench, faults associated with the Mona
Canyon graben, faults in the Muertos trough, faults in the Anegada Passage,
faults in Hispaniola, and shallow crustal onland faults in Puerto Rico.

As noted, the Mexican subduction zone is characterized by a high conver-
gence rate, a large number of earthquakes concentrated alonag the plate inter-
face, and a rate of seismicty high enough that earthquakes repeat in the same
source region so that space-time plots can be made and future behavior can be
estimated. In contrast, the strain rate across the Caribbean-North American
boundary is lower (2 cm to 4 cm/yr) and the strain is distributed on a variety
of complex structures. Therefore, interpreting the space-time pattern of past
earthquakes, and estimating the location of future earthquake activity, is
more difficult in the Puerto Rico region.

McCann and Sykes (1984) and McCann (1985) have estimated the expected
magnitude for the different source zones in the northeastern Caribbean using
historical seismicity data and the présent day understanding of the tectonic
framework. They also estimated the seismic potential (likelihood of an earth-
quake) of some of these zones. The seismic potential is based on the elapsed
time since the most recent large earthquake on a given source. Therefore, the
longer the elapsed time the higher the potential. This approach assumes that
on 2 regional basis recurrence intervals on sources that produce events of the
same size are approximately the same. The assumption may be reasonable for
major sources, such as the Puerto Rico trench, where strain rates are higher
and strain accumulation and release may tend to be linear. However, for many
faults the repeat time of the same size earthquake can be highly variable, es-
pecially when the faults are located away from a major plate boundary. Given
the possible variability in the timing of events on an individual source, and
the limitations of the historical record, is there anything that can be done
to extend the seismic history of Puerto Rico back beyond the historical record
to more fully develop an understanding of the long term pattern of earthquakes
for the Puerto Rico area?
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Potential Paleoseismic Studies in Puerto Rico

During the past ten years the integration of geologic, seismologic, and
geophysical information has led to a much better, though still far from com-
plete, understanding of the relationships between faults and earthquakes in
space and time. Geologic studies, especially a few highly focused fault-
specific studies, have shown that individual past large-magnitude earthquakes
can be recognized in the geologic record and that the timing between events
can be measured. Such investigations of prehistoric earthquakes have devel-
oped into a formal discipline called paleoseismology. Additionally, they have
yielded information on fault slip rate, the amount of displacement during in-
dividual events, and the elapsed time since the most recent event. These data
can be used in a number of different ways and have led to the development of
new approaches to quantifying seismic hazards (see review by Schwartz and Cop-
persmith, 1986). Specifically, they have allowed us to begin to develop mod-
els of fault zone segmentation, which can be used to evaluate both the size
and potential location of future earthquakes on a fault zone, and also earth-
quake recurrence models, which provide information on the frequency of differ-
ent size earthquakes on a fault. At the same time, significant advances have
been made in developing earthquake hazard models that use probabilistic ap-
proaches. These are particularly suited to incorporating the uncertainties in
seismic source characterization and our evolving understanding of the earth-
quake process.

For Puerto Rico, there appear to be three types of paleoseismic investi-
gations using geologic data that have the potential to provide information on
longer term earthquake recurrence on the island. These are: 1) Quaternary
geologic studies of onland faults; 2) marine terrace studies; and 3) paleoli-
quefaction studies.

Quaternary geologic studies of onland faults. Little is known about the seis-
mic potential of the many onland faults that cross the island, especially ma-
jor faults such as the Great Southern Puerto Rico fault zone. Microearthquake
monitoring in western Puerto Rico (Asencio, 1980) clearly shows the widespread

occurrence of small events in the shallow crust (upper 25 km) and indicates
that this area is being actively stressed. Asencio (1980) suggests that de-
formation 1is occurring along surface or near-surface geologic structures
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although the microearthquake activity did not clearly delineate major individ-
ual faults. However, lack of microearthquake activity on a fault does not
demonstrate that the fault is inactive or is not capable of producing moderate
to large magnitude earthquakes. Many major active faults, for example the
segment of the San Andreas fault that ruptured for 430 km in the M 8 1857
earthquake or the Wasatch fault in Utah that has produced as many as 18 magni-
tude 7 to 7.5 events in the past 8,000 years, cannot be defined on the basis
of their present day seismic activity.

Careful and focused mapping of the relationships between Quaternary de-
posits and faults can provide significant data on fault activity and behavior.
This includes using fluvial and alluvial deposits, stream terraces, and soils
to date the timing of slip on a fault. These kinds of studies can provide in-
formation on whether or not a fault is active within the present tectonic
regime, the fault slip rate, the amount of time since the last large earth-
quake on the fault, and the size of past events. These types of studies have
been extremely successful in providing information on fault behavior and
earthquake recurrence in a wide variety of tectonic environments and geomorph-
ic settings.

Morine terraces. Many subduction zone earthquakes produce uplift of the coas-

tline that results in the formation of terraces. These are referred to as co-
seismic terraces. The 19 September Mexican earthquake caused coastal uplift
of 0.5 to 1.5 m. By comparison, the 1964 Alaska earthquake produced terraces
3.5 m in height and prior Alaskan events resulted in uplifts as high as 9 m,
In New Zealand, Japan, and Alaska, sequences of coseismic terraces have been
dated and they provide direct information on the recurence times of large
earthquakes. In addition, the heights of individual terraces can be used to
estimate the similarity or difference in size of successive events. Uplifted
marine terraces are observed in Puerto Rico and are especially well developed
in the northwest, west, and southwest parts of the island. Terrace levels of
uncertain lateral extent have been noted at elevations of 2 m to 35 m; more
extensive terraces have been recognized at elevations of 50m, 80-100 m, 120 m,
160 m, and 350 m (Weaver, 1968). Submarine terraces also appear to be pres-
ent. The degree to which individual terraces, especially the lower terraces,
represent coseismic deformation or another mechanism of terrace formation (up-
1ift due to folding or tilting) is not presently known. The terraces provide
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a means to measure long term rates of uplift, which can then be factored back
into estimates of earthquake recurrence. They may have the potential to pro-
vide information on the source, size, timing, and style of deformation of
offshore events. The Puerto Rico marine terraces deserve careful reevaluation
in light of recent {deas about coastal deformation, mechanisms of terrace
formation, and Pleistocene sea level changes (see review by Lajoie, 1986).

Paleoliquefaction. Liquefaction frequently occurs during moderate to large
earthquakes. Recent studies of the 1886 Charleston, South Carolina earthquake
have shown that by trenching locations where liquefaction has occurred histor-

fcally, geologic relationships are exposed that make it possible to define the
number, and date the timing, of previous liquefaction events (Obermeir, et
al., 1985) . This type of study can provide important data on the recurrence
of the level of ground motion necessary to produce liquefaction at a particu-
lar site. This approach is especially useful when 2 specific causitive fault
cannot be identified, perhaps because it lies offshore. Liquefaction has oc-
curred during historical Puerto Rican earthquakes, most recently in the Afasco
area during the 1918 event. Sites of liquefaction during this and other
earthquzkes could be identified in the field (using old photographs, damage
reports) and trenched to estimate recurrence.

Information on the space-time pattern of past earthquakes in the north-
east Caribbean provideé an important framework for forecasting the most likely
locations and sizes of future damaging earthquakes in Puerto Rico. Important
advances in our present understanding can be made through careful reevaluation
of the historical and instrumental seismicity record, which can lead to re-
finement of the locations, hypocentral depths, and source mechanisms for many
of these events. Paleoseismological techniques, including Quaternary geologic
mapping of onland faults, marine terrace studies, and paleoliquefaction inves-
tigations have the potential to extend our knowledge of earthquake recurrence
significantly beyond the historical record, therefore providing information on
long term earthquake behavior for use in earthquake hazard models.
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EARTHQUAKE VULNERABILITY STUDY FOR THE METROPOLITAN AREA OF SAN JUAN, PUERTO RICO

by
Jose Molinelli .
Consultant to Department of Natural Resources
San Juan, Puerto Rico

Introduction

Among natural hazards earthquakes are one of the most devastating
catastrophic events. When an earthquake occurs near a populated area,
widespread destruction of life and property takes place. The island of
Puerto Rico is situated in a tectonically active zone and has experienced
the effects of large earthquakes in the past. The 1918 and 1867 earth-
quakes had an estimated magnitude of 7.5 and were accompanied by destruct-
ive tsunamis. These events caused hundreds of deaths and millions of
dollars in losses. In 1787 an earthquake with an estimated magnitude of
8-8.25 severely shocked the northern coast of Puerto Rico. Similar events
are likely to occur in the future.

Fortunately, a large earthquake has not affected the island in the
past 62 years. During this period the population has tripled and urban
areas have expanded proportionally. Presently, a significant portion of
the residential, commercial, industrial, and transportation infrastructure
is located on geologic materials that are wvulnerable to earthquake induced
geologic hazards. Thus, the potential damage created by future earthquake
events in greater today than ever before.

This study examines the seismic vulnerability of the San Juan metro-
politan area by mapping the spatial distribution of geologic hazards and
estimating the likely damage in these zones. Three important geologic
hazards are considered: ground shaking, liquefaction, and landsliding.

Evaluation of the tsunami hazard is beyond the scope of this study.

* Eds. This paper is reprinted from Conference XXX.
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Each geologic hazard is mapped according to three levels of suscep-

tibility determined by the geologic hydrologic, and geomorphic character-

istics of each zone. Damage is estimated by adapting the procedures

recommended by the Rice Center (1983) for the application of earthquake

risk analysis techniques to land use planning. The tasks of the earth-

quake vulnerability analysis are to

1)
2)
3)
4)

3)
6)
7)
8)
9)

define tectonic setting and regional seismicity
identify sources of seismicity
define regional attenuation

select an earthquake hazard level for the analysis

define the geology of the study area
define and map ground shaking hazard
define and map liquefaction hazard
define and map landslide hazard

estimate damage ratio for each of the hazard zones

Identification of risk situations is necessary for local disaster

preparedness, land use planning, estimation of economic losses, identifi-

cation of measures for reducing expected economic loss,and for the selec-

tion and implementation of mitigation strategies.
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Tectonic Setting and Regional Seismicity

The present tectonic regime of the Caribbean region differs mark-
edly from that of the past. Malfait and Dinkelman (1972) proposed that
the Caribbean and East Pacific Plates formed a single unit that separa-
ted during the Eocene (fig.l); Most of the northern boundary of the
northeastern Caribbean Plate changed from a convergent to a trascurrent
type of boundary (fig.2). Recent work by Sykes et al., (1982) shows the
opposite; the Plate's margin is convergent, suggesting that only the
angle of subduction changed as the Plate evolved. The present seismicity
results from the North American Plate moving 3.7 cm./year WSW with
respect to the Caribbean Plate. (Sykes et al., 1982).

Seismic activity in the Caribbean Region extends northward from
South America through the Atlantic side of the Lesser Antilles and
Puerto Rico, then streaks westward through Hispaniola, the Cayman Trough,
and Middle America. This belt of high seismicity corresponds to the
boundary of the Caribbean Plate,which is nearly aseismic below the
Caribbean Sea.

Earthquakes epicenters along the Caribbean Plate margin coincide
with convergent and transcurrent plate boundaries. The Cayman Trough is
characterized by relatively narrow belts of seismicity caused by left
lateral strike-slip motion along steeply dipping fault planes. Right
lateral strike~slip motion characterizes the southern boundary of the
Caribbean Plate north of Venezuela. Wider belts of seismicity are pré-
sent in zones where convergent processes are ocurring. Plate conver-
gence in presently active from Hispaniola to Trinidad at the north and
east portions of the Plate,and on its western boundary along Central

America.
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Hypocentral distribution of seismicity in the Caribbean indicates
a dip of seismic activity from the Atlantic Plate margin toward thé
Caribbean Sea. The foci of these earthquakes are distributed on well-
defined planes that dip into the mantle. Dipping planes of seismicity
define the position of the North American Plate which is plunging into
the Earth's mantle beneath the Caribbean Plate (fig.3). The results
from data collected by the Puerto Rico Seismic Network firmly establish
the existence and configuration of the North American lithospheric plate
below the Puerto Rico-Island block. Intermediate-depth earthquakes lo-
cated by the Puerto Rico Seismic Network form a prominently inclined
seismic zone dipping about 45-60 degrees from the Puerto Rico Trench to

a depth of about 150 km.under the island (fig. 4).
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The Sources of Seismicity

The on-site seismicity of Puerto Rico is characterized by the general
absence of largé and shallow events on the island itself. Small magﬁitude
events of generally less than magnitude 3 typify its seismicity (Dart et.
al. 1980). The largest shallow earthquakes on the island were located
west of Guajataca in the northwest and near La Parguera in the southwest
(NORCO-NP~1-ER, 1972).

Seismic events with epicenters in Puerto Rico are not likely to cause
significant damage. The essentially undeformed nature of Middle Terciary
limestones and the absence of evidence of faulting indicate a long period
of tectonic stébility with respect to surface féulting. Thus, the proba-
bilities of ground rupture due to faulting in San Juan are very low.

The off-site seismicity is the product of seismically active off-
shore zones where large magnitude events have occurred in the past.

The most significant,seismically active,tectonic features capable of gen-
erating large earthquakes are the Puerto Rico Trench, the Mona Canyon-Mona
Passage area, the Anegada Passage,and the northern portion ‘of the Muertos
Trough along the southern 8lope of the Puerto Rico insular shelf (fig.5).

The Puerto Rico Trench forms an arc that extends about 100 km north
of the eastern cape of Hispaniola toapproximately 200 km east of Barbuda.
It parallels the north-eastern Caribbean arc system. The Trench axis lies
at a depth of 8 km north of the Puerto Rico-Virgin Islandsplatform.

The Puerto Rico Trench is bounded by high angle faults with a structural
configuration suggestive of a downdropped block. Most seismic events are
of shallow focus and occur in clusters where the Mona Canyon meets the

Puerto Rico Trench northwest of Puerto Rico and inthe area inmediately
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northwest of Anegada. Fault zones just south of the Trench are likely

to produce earthquakes with magnitudes as large as 8 to 8.25 (McCann,
1984) . Puerto Rico is aprpximately 60 km from the southern wall of the
Trench. The closest fault zone south of the Trench that extends to the sea
floor is about 35 km north (NORCO-NP-1-ER pag 9.c-15) of the north central

coast.

The Mona Canyon-Mona Passage area is located between Puerto Rico
and the Dominican Republic. Seismic activity is largely concentrated on
the western side of the Mona Passage. The most prominent features of the
passage are the north and north-westerly striking gravens extending from
the Muertos Trough in the South to the Puerto Rico Trench in the north.
The Mona Canyon graven seems to be the source of the 1918 earthquake
(M=7.5) which, in conjunction with a tsunami that flooded the coastline,
caused widespread destruction in the north-western region of Puerto Rico.
The earthquake was probably caused by vertical displacements of the faults

bounding the Canyon (Reid and Taber, 1918).

The seismicity élong the Muertos Trough is low compared to that of
the Puerto Rico Trench. The Muertos Trough is located approximately 75 km
south of Puerto Rico. It éxtends from south of the Dominican Republié to
near the St. Croix Ridge. This structure is likely to be a subduction zone
where the northern margin of the Venezuelan Basin moves underneath Puerto
Rico. This may indicate that Puerto Rico is a smaller plate or block sepa-
rating the larger plates (McCann, 1984). Major quakes with a long repeat
time are likely to occur on the slope south of Puerto Rico. Contrary to
the eastern region where any fault rupturing during an event is of limited

length (McCann, 1984), the western and central partsof the insular shelf's
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southern slope are likely to generate major earthquakes (M-7-8)
because the tectonic blocks are bounded by long faults.

The Anegada Passage, lying 50 km east of Puerto Rico, consists
of several basins and ridges that separate St. Croix from the Puerto
Rigo-Virgin Islands platform. Complex geologic features are present
aroﬁgd the Virgin Islands and St. Croix basins. Faults in the northern
wall of the Virgin Islands Basin are a likely source of strong shocks
(M=7-8) . Ihe large earthquake of 1867 presumably originated along
the northern flank of the Virgin Islands Basin (Reid and Taber, 1919).
Although McCann's (1984) work concludes that the major earthquake hazard
comes, not from great earthquakes to the north, but from major ones occur-
ring closer to the land, this author concludes that the major earthquake
hazard to the Metropolitan Area of San Juan comes from the Puerto Rico
Trench to the north for the following reasons:

a) The San Juan metropolitan area is closer to the Puerto

Rico Trench (approx. 60 km.) than to the Anegada Passage (approx. 100 km.)

or the Mona Canyon (approx. 120 km.)

b) Following McCann, the frequency of great seismic events
in the Puerto Rico Trench may not be different from that of major events
originating from faults closer to the land. Thus, closer epicentral dis-
tance and great events with the same frequency of major ones closer to
the island expose the metropolitan area of San Juan to a higher hazard

from this zone.

¢) The portion of the Puefto Rico Trench north of San Juan
is a zone of little seismicity likely to experience maximun magnitudes

about 8.8.25 perhaps every 200 years (minimun value) (McCann 1984 Fig 6).
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20°N

SEISMIC POTENTIAL 1983

LARGE EARTHQUAKE > 200YEARS AGO

LARGE EARTHQUAKE 150-2C0YEARS AGO
LARGE EARTHQUAKE 100-150YEARS AGO
LARGE EARTHQUAKE 50-100YEARS AGO

15°

NO RECORD OF LARGE SHOCKS
LARGE EARTHQUAKE <50YEARS AGO

DANDOGN -

ESTIMATED MAXIMUM MAGNITUDE (Mg)
SHOWN FOR REGIONS OF HIGH SEISMIC
POTENTIAL

0°W

Fig. 7

55°

Estimate of Seismic Potential for the northeastern Caribbean

From McCann 1984




Attenuation

The appropiate estimation of earthquake energy attenuation is a
fundamental part of the seismic vulnerability analysis because energy
attenuation, as determined by path parameters, determines ground motion
intensity on a regional scale. The lack of strong ground motion records
and the limited usefulness of attenuation rates from other geographical
areas require the use of isoseismal maps from past earthquake events in
the area. The critical data contained in an isoseismal map are the values
of maximun intensities reported at various locations either in Modified
Mercalli or Rossi-Forel intensity scales. These values are plotted on
an iso-intensity contour map. The isoseismal map for the earthquake of
October 11, 1918 and November 18, 1867 are shown in fig.8 and 9 re-
spectively. The contours can be deceiving because isoseismal maps typ-
ically represent intensity values reported at sifes underlaid by allu-
vium or unconsolidated materials. Because these sites undergo more
intense ground motion than sites underlaid by rock, attenuation functions
derived from an isoseismal map without regard for the local site geology
may overestimate ground motion at the site of interest (Hays, 1980).

The regional earthquaké intensity attenuation used in this study
is presented in figlQ . Differences of up to 1 on the Modified Mercalli
intensity scale occurred between sites located in good and poor foundation
conditions during the October 11, 1918 earthquake. This shows the effect
of local ground conditions on earthquake ground motions. These intensity
attenuation relations are equivalent to a reduction of 2 orders of magni-

tude at an epicentral distance of 120 kilometers. This relation is con-

sistent with that shown for the July 7, 1970 earthquake in Figure 11

(Capacete, 1972).
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Figure 8. Isoseismal Map of the October 11, 1910 Puerto Rico Earthquake.
(Intensitites are Rossi-Forel).
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Isoseismal Map of the November 18, 1867 Virgin Island Earthquake
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Figure 1l1. Earthquake attenuation curve for the July 7, 1970, earthquake (From
Capacete, 1971).
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Selection of Earthquake Hazard Level

IA probabilistic approach that incorporates judgement of the researcher
is used in the selection of the earthquake hazard level for this study.
An earthquake recurrenceé analysis prepared by the Department of Natural
Resources (personal communication: Anselmo De Portu) using a catalogue of
all instrumentally located earthquakes within 330 kms. of San Juan between
1915 and 1983 shows the one hundred year earthquake to be of an order of
magnitude 8 on the Richter Scale (Appendix I). This is approximately the
same order of magnitude as the largest earthquake in the historic record
(8.0-8.25) (table 1). While great earthquakes (M< 7.75) will occasionally
occur in'the Puerto Rico Trench 50 to 100 kms to the north of the Island,
the historic record and regional tectonic framework suggest that major
shopks (M-7-7.5) occur on intraplate faults close to the Island just as
frequently (McCann, 1984). These events (1867, 1918) did not cause serious
damage in San Juan, but on the east and northwest coasts. The 1867 and 1918
earthquakes generated intensities equivalent to VI and V to VI at San Juan
and Rio Piedras. The historic record indicates that San Juan has experienced
an intensity VIII to IX only once-- the 1787 earthquake. On the other hand,
the Isiand as a whole, over a period of 450 years, had been subjected to one
earthquake of intensity VIII or IX andto intensities VII to VIII five times
(der Kiureghian and Ang, 1975). Thus, in terms of intensity, the island of
Puerto Rico experiences on the average an MM intensity of VIII once every

hundred years. Return periods in terms of intensity are presented below.
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Return period in years MMI Estimated maximum acceleration

50 VII .15
90 VII-VIII .18
100 “VII-VIII .19
200 VIII .25
450 VIII-IX .33
500 IX .35

(der Kiureghian and Ang, 1975),

Different criteria can be used to select a particular earthquake
hazard level. Return periods of 500 years (maximum credible earthquake),
of 100 years (widely used in flood plain management), and 50 years
@pproximate structure life in some areas) have been suggested for use
in earthquake risk analysis (Rice, 1983). The maximum credible earth-
quake focuses on lower probability events with return periods of 300
years or more. The most'pfobable earthquake considers a shorter return
period of 100 years. Introducing conservatism in the selection of the
maximum possible earthquake that can damage San Juan requires the se-
lection of the maximum historical earthquake (Slemmons, 1982) (8-8.25)
and moving it the closest credible epicentral distance to the study
area (approx. 60 kms.). Such earthquakes will produce maximum inten-
sities of X to XI, causing very severe to total damage in the San Juan

metropolitan area. Its return period greatly exceeds the useful life of
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most building structures. A more realistic estimate is obtained by se-
lecting a smaller but more frequent earthquake capable of causing sig-
nificant damage. In addition, the damage pattern of the selected
hazard level should exceed the threshold for most secondary geologic
hazards. 1In this way, damages produced by higher levels of ground
motion will change proportionally but not areally, permitting the
estimation of likely damages for different hazard levels.

The 100 year earthquake, capable of producing an estimated MM
intensity of VIII, fits the above requisites. Such intensity is felt
in Puerto Rico (on the average) once every 100 years. Although San
Juan experienced a similar intenmsity only once, conservatism dictates
the use of the maximun intensity felt in Puerto Rico every 100 years.

Thus the selected hazard level is MM intensity VIII. Such
intensity can be caused by an earthquake Richter magnitude 8 with

epicenter 120 km north of San Juan.
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Date

1524-1528

1615 Sept. 8

1717

1740

1787

1844

TABLE I

Most destructive earthquakes felt on Puerto Rico

Estimated Maximun

Intensity Description
Vi The Afiasco house of Juan Ponce de Ledn

and other strong buildings were destroyed.
The shock was felt strongest in the north,

from Mayaguez to Afasco

Vi The earthquake and hurricane did much
damage and caused great suffering in
Puerto Rico. Epicenter probably in or
near Santo Domingo. Many aftershocks
during the next 40 days.

VII Very strong and damaging earthquake. The
San Felipe Church in Arecibo was complete-
ly ruined. The 100 year old parish house

{

in San German was destroyed.

Vi The earthquake totally destroyed the

Guadalupe Church in Ponce.

VIII-IX . A violent earthquake felt over the entire
Island. Many churches and chapels des-
troyed. In San Juan great damage was done
to the forts of el Morro and San Cristobal
as well as to the docks and the Cathedral.

V1 Severe earthquake of 30 seconds duration.
The origin may have been north of Puerto
Rico. Several houses and some public
buildings were demolished or cracked.
In San Juan nearly all stone houses were

cracked.
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Date

1846

1867

1875

1906

1918

1946

1946

November 28

November 18

December 8

September 27

October 11
August 4
August 8

Estimated Maximun

Intensity

VI

VII-VIII

Vi

V-vI

VIII

Vi

VI

Description

Felt throughout the Island, Epicenter
probably in the Mona Passage. More
intense in the northwestern part of

Puerto Rico.

This was the great Virgin Islands
earthquake that caused very great
damage, specially in the eastern
part of Puerto Rico. The shock was

followed by a severe tsunami

Strong earthquake knocked down some
chimmeys at sugar mills and damage

was reported in Arecibo and Ponce.

Heavy double shock with epicenter
north of Puerto Rico. In San Juan
objects were overturned and people
were frightened and confused, but

material damage was not dome.

Disastrous earthquake accompanied by
tsunami.

west coast of Puerto Rico.

Very great damage to the
Epicenter

in the Mona Canyon northwest of Mayaguez.

Strong earthquake with epicenter in
the Dominican Republic caused general
alarm and fear. No loss of life or

serious property damage.

Strong earthquake of short duration
accompanied by tsunami affected mostly
the west coast. People terribly fright-

ened, but no significant damage was done.
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Geologz

The San Juan metropolitan area lies on the northern flank of a
thick sequence of highly deformed and faulted early Cretaceus to EarlyTerciary
volcanic and sedimentary rock. Mid-Terciary epiclastic and limestone
sequences rest over the deformed volcanic core. Late Terciary and
Quaternary unconsolidated to semiconsolidated terrigenous materials
overlie most of the Mid-Terciary formations and portions of the volcanic
core (fig.12). The geology and the stratigraphic summary of the metro-
politan area of San Juan appear in figl3.

Three physiographic regions are present in the study area: the
interior volcanic upland province, the northern Karst province, and the
Coastal Plain province (fig.14). These provinces are characterized by
a unique combination of relief, landforms, and geology.

The interior upland shows the effects of fluvial erosion over a
complex sequence of volcanic and sedimentary deposits of Cretaceous and
Early Terciary age. The Cretaceous rocks were formed during a period
when volcanism and sedimentation were dominant geological processes.

The lower Cretaceous rocks consist primarily of lava, lava breccia,

tuff and tuffaceous breccia with some thin bedded sandstone, siltstone,
and limestone. When exposed they are thickly weathered. Upper Cretaceous
rocks consist of tuffaceous sandstone, siltstone,breccia, conglomerate,
lava, tuff, and some pure and impure limestone lenses. When exposed

they, too, are deeply weathered (Briggs and Akers, 1965; Briggs, 1964).
The collision of the Caribbean Plate with the North American Plate by

the end of the Mesozoic gave rise to the '"Caribbean Orogeny" (Malfait

et al., 1972). At the end of orogeny (Middle Eocene), most Cretaceous
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and Early Terciary rocks had been faulted, folded and intruded. Early
Terciary rocks were formed during a mountain building period.

Both intrusive and extrusive igneous activity were the dominant geologic
processes.

Intrusive rocks emplaced during the orogeny are mainly granodiorite,
quartz-diorite, diorite and some minor quartz porphyry, gabbro,and amphi-
bolite. Associated with the intrusives are zonés of hydrothermal altera-
tion and contact methamorphism (Hildebrand, F.A., 1961).

Paleocene and Eocene deposits consist of siltstone, sandstone, con-
glomerate, lava, and tuff. They are locally deeply weathered.

The northern Karst province in the study area consists essentially of
the following formations; San Sebastian, Cibao, Aguada, and Aymamon
(Monroe, 1973, 1976, 1977, 1980, Pease and Monroe 1977). The San Sebastian
formation is at the base of the Mid-Terciary sequence, lying unconformably
over Cretaceous volcanics and sedimentaries. The formation is heteroge-
neous and contains clayey sand, lenses of sandy clay, pebbles, and cobbles.
South of San Juan it grades upward into thin bedded, fine sand and mottled
clay. The thickness 1is greater than 40 meters. The Cibao formation con-
sists of an argillaceous marl, chalky liméstone, and thin beds of sand
and clay. Outcropping members are Miranda sand, upper member, and Quebrada
Arenas and Rio Indio limestone. The Aguada formation consists of alterna-
ting beds of indurated calcarenite and clayey to chalky limestone.

Its thickness ranges from 70 to 35 meters. Comformably overlying the
Aguada is the Aymamon limestone formation consisting of massive to thicklybeddeds
very pure fossiliferous limestone (Monroe, 1980, 1973). Sinkhole formation

is a potential hazard in the Aymamon and Aguada limestones formations.
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The Coastal plain province consists of Late Terciary and Quaternary
deposits. Late Terciary sequences include older alluvial deposits, high
terrace deposits, alluvial fans (Hato Rey Formation), alluvium and river
terrace deposits, silica sands, beach deposits, swamps, eolianite, and
artificial fill.

Older alluvial deposits, high terrace deposits, and alluvial fans
consist of varying proportions of clay, silt, and sand, mainly red or
mottled red. The material is deeply weathered, stiff, and hard. Most of
the non-quartz components are altered into clays. They are unrelated to
present stream alluviation.

Holocene alluvium and river terrace deposits of Pleistocene age
consist of sand, clay, and sandy clay. Beds of sand containing gravel
are present at the sides of the Rio Grande de Loiza, Rio Grande de Bayamén,
and Rio La Plata. Thickness is variable, but as much as 20 meters has been
penetrated in the Bayamén and San Juan quadrangle areas, possibly as great
as 100 meters at the sides of the Rio Grande de Loiza .

Silica sands of Holocene to Pleistocene age consist of very pure
quartz sand 997 silica but locally containing organic matter.

The deposits grade downward into compact, ferruginous sand,mapped
as blanket deposits,having a thickness ranging from 1 to 4 meters.

In Santurce it was named Santurce sand (Kaye 1959). The outcrop of the
Santurce sand is generally a loose, very well-sorted, medium grain, almost
pure sand. It grades downward into the Older Alluvium where the cohesive
nature of the clay binder imparts a great,dry strength. Erratic variations

in the density of sand occurs with depth.
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Beach deposits consist of sand composed largely of fine quartz
mixed with minor quantities of shell and volcanic rock fragments on
beaches and abandoned beach ridges in the Carolina quadrangle area.
Deposits are generally medium to course sand in other zones.

Thickness varies from 1 to 5 meters but may reach more than 13 meters
in the Luis Mufioz Marin Airport area (Kaye, 1959). Beach rock is com-~
monly present in the intertidal zone due to sand cementation.

Eoliznites are cemented dunes consisting of sand and clayey sand,
friable to consolidated, crossbedded, calcareous, eolian sandstone com~
posed of fine to course grains of shell fragments and quartz. The maxi-
mum thickness ranges from 20 to 30 meters.

Together with beach and eolianite deposits of Holocene age, swamp
deposits dominate the northern portions of the study area. They consist
of sandy muck and clayey sand generally underlaid by peat formed in man-
grove swamps. The peat is very compressible,generally 10 meters thick.
Peat is the weakest foundation soil in the area.

Artificial fill has been placed over swamps, sections of the San
Juan Bay, and in valleys to prqvide foundation for housing and industrial
development. Fill material generally consists of sand, limestone, and
volcanic rock. More than one third of the bay shoreline has been filled

or dredged, mostly after 1940.
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Ground Shaking

Ground shaking is by far the most important earthquake induced geo-
logic hazard in the metropolitan area of San Juan. It is caused by the
sudden release of elastic strain energy stored in the rocks. This process
(faulting) generates different waves that propagate from the rupture zone.

Two classes of waves are generated: body and surface waves.

Body waves consist of compressional (P) and shear (S) waves. They trav-
erse the Earth's interior with different velocities and motions. Surface
waves are Love and Rayleigh waves that travel more slowly than body waves.
Body waves are mainly high frequency vibrations that are likely to make low
buildings resonate. Surface waves cause mainly low frequency vibrations more
efficient in making tall buildings wvibrate. When buildings cannot resist
earthquake vibrations generated by these waves, damage occurs (Hays , -1981).

It has long been recognized that different locations at essentially the
same epicentral distance experience large variations in the distribution of
damage due to the influence of local geologic and soil conditions on ground
motion. Soil conditions such as thickness, water content, physical properties
of the unconsolidated material, bedrock tépography, geometry of the unconsoli-
dated deposits and underlying rock, among others, can modify the ground surface
motions by changing the amplitude and frequency content of the motion. Ampli-
fication of ground motion in a period range that coincides with the natural pe-
riod of vibration of the structure explains the distribution of damage
(Hays , 1980). Shorter period waves oscillate in the same frequency range
as lower buildings, affecting such structures close to the epicenter.  Longer
period waves, which oscillate in the same frequency range as taller buildings,
travel farther and can affect such buildings at relatively great distances

from the epicenter. This is a potentially serious hazard in the metropolitan
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area of San Juan because tall buildings can resonate with higher period
waves generated by relatively distant earthquakes offshore.

Local soil conditions modify the seismic input by generating maximum
accelerations at lower periods for stiff soils where short height struc-
tures are likely to suffer more damage. In soft soils maximum accelera-
tions occur at higher periods where taller structures are subjected to
the worst conditionms.

In general, areas underlaid by thick deposits of uncompacted artifi-
éial £fill, by soft, water saturated mud, or by unconsolidated stream
sediment,shake longer and harder than areas underlaid by bedrock (Brown
and Kockelman, 1983). During the October 11, 1918 earthquake, the
La Playa sector of Ponce was more severely shaken than the higher part
of the city. Humacao suffered far more than other towns in the same
area because it was built upon the alluvium. The greatest damage was
registered in Aguada and Anasco, both located on alluvial deposits, while
Rincdn, built on bedrock and closer to the epicenter than Anasco, suffered
much less damage (Reid and Taber, 1919).

Three main deposits are mapped in terms of ground shaking hazard.

The lowest hazard is assigned to rock outcrops, high terrace, alluvial fan,
older alluvial, and blanket deposits. Rock outcrops include Cretaceous and
Early Terciary volcanic and sedimentary rocks; Middle Terciary formations
such as Cibao, Aywmamon, Aguada and San Sebastian, and eolianites. The rest
are semiconsolidated deposits of Pleistocene and Miocene age characterized
by being stiff, hard, and compact. Depth ranges from less than 10 meters
in Carolina to more than 100 meters in San Juan and less than 50 meters in
Bayamdn (Monroe, 1973, 1977; Pease and Monroe, 1977). Diagenesis has

resulted in a material that behaves much like bedrock.
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Ve
All zones of moderate to high ground shaking hazard include all alluvial

deposits of Holocene age and some terrace deposits of Pleistocene age.
The deposits are present in the floodplains of Rio Bayamdén, Rio Piedras,
and Rio Grande de Loiza. In Carolina the sand, clay. and sandy clay beds
are up to 100 meters thick. Beds of sand, clay, and sandy clay exceed
20 meters in San Juan and Bayamén. These zones are mﬁch more vulnerable
to ground shaking than the "stiff" clays but are considered, in general,
less vulnerable than artificial fills placed over swamp and lagoonal
deposits.

Fill materials have been shown to behave very poorly during earthquakes
(Munich Re,1973). Extensive filling of mangrove swamp (Fig. 15) with fill
material ranging from rock and sand, to soft, black, mucky clays dredged
from the bottom of San Juan Bay after 1940, have created potentially
unstable conditions. Manmade fills consisting of materials ranging from
silt to sandy gravel have failed during earthquakes due to liquefaction of
the basal zone of the fills themselves or in natural foundation materials
underlying the fills (Keefer, 1984). 1In fact, flow failures carried away
large sections of the port facilities at Seward, Wittier and Valdez, Alaska
during the 1964 Prince William Sound Earthquake. Ground shaking induced
failures caused the sinking of Port Royal in Jamaica 1692. Although the
conditions where these events took place are not exactly the same as those
present in San Juan Bay, the possibility of ground failure of portioms of
the artificial £ill surrounding the Bay during a large earthquake cannot
be discarded. The presence of relatively deep fill materials over swamp
deposits and very high water tables place these areas under a combined high

ground failure and ground shaking hazard. Ground shaking damages result

* Figures 15 and 16 are not available.
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from the interaction of ground motion with the building structure.
Ground motion characteristics are mainly determined by the depth

of the focus, its magnitude, attenuation, and local ground response.

The most important of these factors have been discussed earlier in
this report. Building damageability depends mainly on the building
ordinances and their effectiveness, design and construction technology,
type of building structure, and location.

In Puerto Rico, building regulations containing lateral force
provisions for earthquake went into effect in September, 1954. Prior
to that date buildings were constructed using individual standards
selected by each builder; but a building code alone is no guarantee of
an adequate building performance during an earthquake. Other factors
such as the experience of the designers, material quality, quality of
workmanship, and supervision affect damageability. Steinbrugge (1962),
during an inspection of several buildings in the metropolitan area of
San Juan, found that in many buildings earthquake provisions and work-
manship requirements were not effectively policed by the Puerto Rico
Planning Board. Design errors and poor workmanship were commonly found
even in the larger buildings.

Today, potentially serious deficiences are present in the actual
building code. Leandro Rodriguez (1984) emphasizes that the present
building code does not consider ductility, does not address soil
structure interaction, does not consider the importance of the structure
(for example the same design criteria are used for hospital and for a |

one-family house), and does not recommend earthquake resistant designs

for underground lifeline structures. Thus, in spite of the building
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regulations, a significant number of structures in the metropolitan area
are not likely to resist earthquake loadings adequately. Fortunately,
the Seismic Committee of the Colegio de Ingenieros, Arquitectos y Agri-
mesores has submitted to the Puerto Rican Building Permits and Regulation
Administration an updated proposal for the design of earthquake resistant
structures in Puerto Rico.

Damage assesment of ground shaking hazard follows the procedures
recommended by Rice (1983). Most of the information presented below
originates from this source. The methodology considers only damage to
buildings. Other fécilities such as plants, dams, lifelines, etc., are
outside its scope. Damage assesment is obtained by overlaying a building
inventory map on the hazard map.

The structure response for different types of buildings,ground
motion, and soil condition is based on past earthquake experience. The
predicted damage is expressed as percent loss or damage ratio. This widely
used parameter represents the ratio of the cost of repair to the replace-
ment cost. For individual buildings, damage ratios beyond .5 are considered
total losses. Since damage ratios of .3 already correspond to severe damage
states, damage ratios typically vary from O to .3, increasingly rapidly to
1. The damage ratio for different building types are presented in
figure 16.

The dominant type of building structure in the metropolitan area of
San Juan is shear wall with seismic design ( estructuras a base de muros
de corte con diseﬁo sismico) . Damage ratios for other types of structures
are shown in fig. 17. Areas of low ground shaking amplification (B-1)

correspond to a MMl of VIII. In areas with moderate to very high ground
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motion amplification (B-2), damage ratios were raised .75 intensity
(MMI). In areas with high ground motion amplification (B-3) damage
ratios were raised 1.0 intensity (MMI). Damage ratios for ground

shaking, liquefaction and landslides are shown in table2 .
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Figure 16. Average damageability for "modern construction” taken from Sauter
and Shah, 1978; originally from "Guatemala 1976 Earthquake of the
Carribbean Plant,” Muchener Ruckversicherungs-Gesellschaft, Munich.
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TABLE 2

Generalized Damage Ratio Estimates

Hazard Zone % Area Damage Ratio
A-1 2 .35
98 .05
A-2 5 .35
95 .05
A-3 10 .35
90 .07
B-1 100 .05
B-2 90 .15
10 .35
B-3 20 .35
80 .20
c-1 2 .10
98 .05
Cc-2 | 5 .10
95 .05
c-3 15 .10

85 .05

Hazard zones are shown in the Earthquake-Induced Geologic Hazard

Map included with this study.
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Liquefaction

Although landslide is chiefly a hillside process, earthquakes can
also cause ground failure in the lowland due to the process of lique-~
faction. When cohesionless water-saturated materials are subjected to
earthquake vibrations, the tendency to compact is accompanied by an in-
crease in pore water pressure in the soil due to load transfer from soil
particles to pore water. Drainaée can occur, but if restricted, pore
water pressure can rise to an amount equal to the weight of the column
of soil above the soil layer. Under this condition the soil may suffer
great deformations and behave like a fluid rather than like a solid for
a short period of time. Any structures, fills, and embankments located
on liquifying soil will undergo deformations. These can be caused by
lateral spreads, flow failures, and by the loss of bearing strength.

In addition, ground settlement and sand boils can occur. The settlement

of sand is principally caused by the horizontal shear component of motion.
Lee and Albasia (1974) found that vertical settlements from drainage
effects may be as much as 3%Z of the height of the affected soil layer.

If sands are saturated, ground subsidence might'Be expected from soil com-
paction and water drainage at stresses less than required to induce complete
liquefaction. The volumetric settlements from pore water pressure lower
than that causing liquefaction are generally less than 1%.

Geologic conditions favoring liquefaction are: 1) a potemtially
liquefiable bed or lense of porous, well-sorted sand, 2) water satura-
tion of intergranular pore spaces in the bed or lens , 3) confinement of

pore water by impermeable layers above and below the liquefijable bed, and

4) proximity of the liquefiable bed to the surface (50 feet or less).
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Liquefaction occurs mainly where sands and silts have been deposited
during the last 10,000 years and where ground water is within 10 meters
of the surface. Generally, the younger and looser the sediment and the
higher the water table, the more susceptible the soil is to liquefaction.
In Puerto Rico, liquefaction was observed in the lowlands of Rincén during
the October 11, 1918 earthquake. Water, bringing up sand, issued from
cracks. The same phenomenum was observed in Anasco, but here the water
brought up black sand. Liquefaction was reported in sandy, saturated
alluvial materials in areas where the earthquake intensity (Rossi-Forel)
was greater than VII (Reid and Taber, 1918). Massive water drainage from
alluvial soils increased stream discharge for days after the earthquake.

Three major factors are conducive to liquefaction: ground shaking,
a shallow water table, and sandy materials. In terms of ground shaking,
the selected hazard level of MMI VIII is capable of generating cyclic
stresses strong enough to cause liquefaction in the study area. The pre-
dominant minimum intensity for coherent slides and lateral spreéaé and
flows is MMI VII. The lowest intensity reported is MMI V (Keefer, 1984).
Thus, the study area will experience an MMI of l’ to 2 above the predominant
minimum liquefaction threshold. Shallow water tables and sand deposits
coincide in river channels, dunes, beach deposits. deltas, silica sand
deposits, flood plains, and other topographic lowlands. In these areas
the water table is usually less than two meters deep and rarely exceeds
five meters.

Areas susceptible to liquefaction are mapped according to geomorphic
setting, landforms, types and age of geologic deposits,and water table depth
These factors are used to estimate areas of high, moderate, and low sus-

ceptibility. 1In large scale mapping, more refined methods based on boring
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logs and standard penetration tests (techniques developed by Seed and
Idriss, 1971, and Seed, 1979) may be used to determine liquefaction
potential. Included in areas of moderate to high susceptibility are
Holocene beach deposits composed of sand consisting of grains of

quartz, volcanic rock and shells. Thickness ranges from one to

five meters. A second area is found in the Carolina quadrangle where

fine to medium sands are present on beaches, coastal dunes, and aban-
doned beach ridges. It is usually not thicker than ten meters, and

the water table is less than two meters. Areas of high susceptibility
include the very fine and loose sands of Cangrejos Arriba with a thick-
ness ranging from one to four meters and a high ground water table.

Within these zones the ground failure potential is high in areas lacking
lateral confinement, differentially loaded, loose sand deposits, or gentle
slopes. Areas of.low to moderate susceptibility include the older deposits
of Holocene-Pleistocene age composed of almost pure silica sands derived
from ferruginous sand by leaching. Loose sands are present on the surface.
The degree of compaction increases irregularly with depth. Kaye (1958)
noted the following features: 1) Great uniformity of sorting of the

sand material 2) Lack of carbonate cementing material 3) High dry
strength, imparted by clay, that acts as a binder 4) Erratic variation
in the density of the sand with depth. Zones of low susceptibility are
older Pleistocene silica sand deposits in the Bayamdn quadrangle.

They are one to four meters thick, and the water tables are generally
deeper than in younger deposits. The liquefaction potential is not exclu-
sive of beach and silica sand deposits,buta very high potential is locally

present in river channels, deltas, uncompacted fills, and lagoonal and
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flood plain deposits less than 500 years old: Due to map scale limi-
tations these areas are not mapped independently. Swamp and lagoonal
deposits (hydraquents) are extensive in the study area and were mapped
separately as zones with high liquefaction potential. Recent flood
plain deposits are vulnerable where the alluvium is composed. of cohe-
sionless materials such as silt, silty sand, .or fine grained sand.

Most of the alluvium in the study area is Eomposed of clay, sandy clay,
and sand. Liquefaction induced flow failures and lateral spreading
toward river channels are likely to occur where saturated sand lenses
are present. Lateral spreading of flood plain deposits toward river
channels destroyed more than 200 bridges during the 1964 Alaska earth-
quake. They are particularly destructive to pipelines and water mains,
a factor which impeded the effort to fight the fire that ignited during
the San Francisco earthquake (Hays, 1981). During the 1918 earthquake
the Aguadilla water supply pipe over Rio Culebrinas was ruptured by com-
pression when the concrete piers supporting the pipe moved more tham 2

meters towards each other across the stream (Reid and Taber, 1918).

Liquefaction damage assesment requires the mapping of potentially
susceptible sedimentary materials (table 3), the estimation of the percent
area affected by liquefaciton, and the estimation of the damage ratio.
Liquefaction mapping criteria have been presented above. The estimation
of the percent area affected by liquefaction is done by adapting the pro-
cedures proposed by Rice (1983) based on the topographic and geologic
conditions, soil profile characteristics, level of earthquake shaking, and
liquefaction potential assesment using Seed's (1969) criterium. The reser-
cher's subjective judgement is critical in the evaluation, specially when

detailed data is not available.
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The percentag.. of area affected by liquefaction and the corresponding
damage ratio for a magnitude 6 earthquake is shown in figure 17. The selected
earthquake hazard level (MMI VIII) approximately corresponds to a peak ground
acceleration of .2g. and an earthquake Richter Magnitude 6 (fig. 18).

The percent area affected by liquefaction is 17 percent and the damage ratio
is .35 according to fig. 18. Because portions of the areas mapped under mod-
erate to high potential have higher blow counts (for example, indurated sand
and beach rock) the percent area affected by liquefaction is overestimated.

A conservative estimate of the percent area affected by liquefaction based on
this researcher's judgement assigns 10 percent to areas of moderate to high
susceptibility, and 2 percent to areas mapped under low susceptibility. These
estimates can be improved by examining specific site profile characteristics
and Standard Penetration Test results throughout potentially liquefiable

deposits.
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Figure 19.

Gutenberg and Richter (From Hays, 1980).

97

Intensity and acceleration relations proposed by

Neumann, and

Sl o0et!



Landslides

The term landslide, as used in this report, refers to all types

of slope movements including falls, flows, slides, and topples.

Two main features that control earthquake induced landslides are
slope inclination and the types and characteristics of the geologic
materials beneath the slope. Ground motion can trigger landslides
when slopes are subjected to repeated loadings consisting of irregular
pulses that weaken and eventually loosen rock and soil materials forc-
ing them down the slope. Keefer (1984) studied the relationship be-
tween earthquake magnitude and areas affected by landslides, and the
epicentral distance and Modified Mercalli Intensity at which different
landslides occur. Areas affected by landslides show a strong correla-
tion with magnitude. Generally, landslides are caused by events greater
than M. 4.0. The selected hazard level can trigger landslides over an
area up to 100,000 km?. This is extensive enough to cover the whole
island of Puerto Rico, assuming the epicenter of the selected hazard
level is along the southerm wall of the Puexto Rico Trench. In additiom,
the epicentral distance from the study area isvcloser than the minimum
distance of 200 kilometers required to experience all types of ground
failure. At a given epicentral distance, different areas experience
different intensities. The selected hazard level will produce an MM
intensity of VIII to IX (deep alluvium), a value up to 2 intensities
above the pfedominant minimum seismic shaking intensities required to

trigger disrupted slides and falls (MMI VI) and coherent slides, lateral
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spreads, and flows (MMI VII). Thus, ground motion in San Juan, given
the areal, epicentral, and intensity characteristics of the selected
hazard level, is strong enough to cause landslides, especially in

steep slope areas and near weak geologic materials. The mapping of

areas susceptible to landsliding takes into consideration slope incli-
nation as a primary factor affecting slope stability. In general,

steep slope areas are chief sites of instability mainly through their
control of the downslope component of the weight of slope material.
However, the degree of stability depends considerably on the geologic
material underlying the slope. Granular non-organic soils with little
cohesion and low frictionmal strength are the most susceptible to failure.
In addition, highly fractured or jointed rock, or rock which displays
any other type of discontinuity, especially if planes are open, is sus-
ceptible to failure (Rice, 1983). Degree of susceptibility to landslides
is mapped as high, moderate to high and low.

Zones of high susceptibility in the study area include those areas
where geologic formations are characterized by a high landslide incidence
due to steep slopes in vulnerable material, and the presence of a weak
geologic stata belowvmore resistant ones. Consequently, the Cibao ~
Aguada and San Sebastian terciary formations, and the Mucarabones sand
are areas of high susceptibility. The first two formations show a high
incidence of landslides extending along a considerable portion of their
outcrop from Aguadilla to the southwestern portion of the San Juan metro-
potilitan area. The geologic contact along steep scarpments where the
Aguada formation rests on clay and sandy clay of the the Cibao formation

is potentially unstable. In similar humid, tropical, geomorphic environ-

ments earthquakes have triggered rotational slumps involving failure of

99 z//f}oo §/OO (e



incompetent, plastic strata beneath limestone (Simonett, 1967).

Large landslides occur where the thick clayey beds of the San Sebastian
formation beneath the Lares limestone are exposed along a scarpment that
extends from Corozal to the west coast (Monroe, 1964). Although the Lares
limestone is not present in the study area due to its eastern grading into
the Mucarabones sand, steep portions of the clayey and pebbly San Sebastian
and the Mucarabones sand are mapped as highiy susceptible area.

Areas mapped as moderatetohigh susceptibility are located mainly at the
southern portion of the San Juan metropolitan area where the interior moun-
tainous uplands begin. Slopé inclinations range from 12 to 32 degrees but
do not show any significant incidence of landsliding except along steep-
sided excavations, such as roadcuts (Molinelli, 1983). Soils are mostly
Inceptisols, characterized by shallow depth (40 cm.) over slightly weathered
bedrock, and Ultisols, moderately deep to deep soils (1.5 m. deep) (Soil
Survey, San Juan). When dry, the high clay content of these residual soils
imparts a high cohesive stability to the slopes, greatly reducing their vul-
nerability to the probable earthquake On the other hand, protracted
periods of rain can saturate the soils, increasing the pore water pressure,
reducing the shear strength, and increasing the shear stress with the weight
of the water. Under these conditions, the probable earthquake can trigger
a large amount of debris, earth flow, and slides. In humid, tropical, geomor-
phic environments similar to those mapped as moderate susceptibility, the
percentage area that has failed during an earthquake of similar magnitude
as the probable earthqﬁake ranges from 25 to 40 percent (Simonett, 1967;

Pain, 1972).
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“Areas mappea as low susceptibility include nearly flat slope zones
(less than 10 degrees inclination) and very stable rock outcrops. Included
in this mapping unit are the low relief portions of the San Sebastian for-
mation and Rio Piedras siltstone, the Guaynabo formation, the Guaracanal
Andesite, and the Frailes formation. Most of these areas are presently
urbanized, a process that has further leveled the topography. There is
little likelihood of significant downslope movement, except along exca-
vations. The rock outcrops included within this unit are the Aymamon
and Aguada limestone formations and eolianites. In spite of steep slopes,
limestones, along with other formations of Terciary age, are considered
the most stable rock in Puerto Rico (Monroe, 1979). Case hardening
by solution and immediate redeposition in situ stabilize the slope
(Monroe, 1976). Eolianites are very stable except where undermining has
taken place due to mechanical and chemical weathering associated with wave
action.

Not all siopes with landslide potential will actually fail at the
selected hazard level. To estimate the expected percentage area of slope
failure, criteria that reflect engineering judgement based on geological
data and past earthquake experience (Rice, 1983) are incorporated.

A conservative estimate of percentage area of failure assigns a value

of 2 to 15 percent to areas of low, moderate, and high susceptibility (Fig.

These values can more than double if the earthquake occurs after a pro-
tacted period of rain when the shear strength of the soil is lower.
Landslide damage assessment assumes that for a given landslide potential,
the percentage of area affected is the same as the percentage of buildings

that suffer landslide induced damage. In addition, damage ratios (percent

loss) are shifted arbitrarily by .5 intemnsity (Rice 1983).
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Summary and Conclusions

The tectonic setting and regional seismicity of the northeastern
Caribbean expose the island of Puerto Rico to a high seismic .hazard.
Large magnitude events in 1918 (est. magnitude 7.5), 1867 (est. magnitude
7.5-7.75), and 1787 (est. magnitude 8.-8.25) caused hundred of deaths
and millions of dollars in material losses. Similar events will occur
in the future. Off-shore faults in the Puerto Rico Trench, Mona Passage-
Mona Canyon area, Anegada Passage, and the Muertos Trough are the most
important potential earthquake sources in the Puerto Rico area. The
Puerto Rico Trench, approximately 60 km. north of the metropolitan area
of San Juan, poses the greatest hazard to the study area due to its prox-
imity and high seismic potential (est. magnitude 8.8.25). On the basis
of earthquake magnitude and intensity recurrence, regional attenuation
and this researcher's judgement, the selected earthquake hazard level
(most probable earthquake) for the risk amalysis corresponds to a Modi-
fied Mercalli intensity VIII. This value iswused as the basis for damage
estimation. |

The geology and geomorphology of the study area were defined as a
preliminary step to mapping earthquake-induced geologic hazards. Three
hazards were defined for the study area; ground shaking, landslides, and
liquefaction. A map depicting hazard zones was prepared showing three
levels of susceptibily for each hazard. Damage ratio was estimated for
each zone adapting the procedures recommended by the Rice Center for
earthquake risk analysis. The most important geologic hazardsin the
metropolitan area of San Juan are ground shaking, liquefaction and land-

slides. The analysis concludes that the most vulnerable areas are the
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artificial fills placed over swamp deposits around San Juan Bay, Cafo
Martin Pefia and Laguna San José and the alluvial deposits in the flood-
plains of Rio Grande de Loiza, Rio Piedras and Rio Bayamdn. Both areas
are exposed to a high ground shaking and ground failure hazard. Located
in these zones are important lifelines such as the Bahla de Puerto Nuevo
thermoelectric plant, transmission lines, electric energy substationms,
water treatment plants, pumping stations,’water mains, docks,airport
facilities and vital expressways that link the capital with the rest of
the Island.

Moderate to high liquefaction potential is present in the alluvial
deposits of the floodplains of Rio Grande de Loiza, Rio Piedras and Rio
Bayamén and in the loose saturated sands near the coasts. Located in
these zones are a large number of high rises and housing units, airport
facilities, roads, water mains, pumping stations, and other lifelines.

Moderate to high landslide potential is present in the southern
portion of the study area. Landslide damage potential in this zone
varies with the antecedent moisture conditions of the hillslopes.

An earthquake after a protracted period of rains can vaerely affect
lifelines specially roads, where slope excavations, overloading, removal

of lateral support, and other similar situations cause potentially unstable
slope conditions.

It is recommended that earthquake mitigation strategies focus on high
risk zones on the artificial fills surrounding the Bay and lagoons, the
floodplains of Rio Grande de Loiza, Rio Bayamén and Rio Piedras, and local-

ized zones near the coast characterized by a moderate to high liquefaction
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potential. Site specific geotechnical studies should be conducted in

areas of greater risk in order to assess the specific vulnerability.
Puerto Rico must prepare for a big earthquake. A significant

portion of the residential, commercial and transportation infrastructure

are located in hazardous zones. Today the potential damage that will

be created by a large earthquake event is greater than ever before.

This study is a step in the efforts to prepare the Island for suchan

event.
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INTRODUCCION

E1 Departamento de Ingenieria Civil con el auspicio del Departamento
de Recursos Naturales celebré un foro sobre la vulnerabilidad sismica del
drea metropolitana de San Juan, con el objetivo primordial de examinar 1la
informacién recientemente presentada sobre 1la vulnerabilidad sismica del
drea para analizar las conclusiones obtenidas hasta el momento y poder hacer
recomendaciones pertinentes para el futuro. En primer lugar, se presentard
el estudio de la vulnerabilidad sismica para el drea de San Juan preparado
por el doctor José Molinelli, para el Depto. de Recursos Naturales, con el
dnimo de identificar las dreas mds susceptibles y de mayor vulnerabilidad
del drea metropolitana en términos de los dafos inducidos por fenémenos
geolégicos. E1 segundo objetivo es presentar resultados principales del
estudio de licuacién que se han estado realizando en el RUM especificamente
en el Depto. de Geologfa del RUM por el Prof. Alex Soto para poder comparar
los resultados de ambos estudios.

En tercer lugar los estudios existentes sobre la vulnerabilidad sfsmica
de San Juan deben de calibrarse de tal forma que las conclusiones primordiales
de los mismos respondan a las realidades de Puerto Rico. Esta calibracién
debe de hacerse por 1o menos en las siguientes dreas: a) Seleccién de
intérvalos de recurrencia para establecer los mapas de zonificacién sfsmica
y para el disefio sfsmico de estructuras. b) Seleccién del evénto critico
para la determinacién de la vulnerabilidad sfismica en base al terremoto mds
probable o al terremoto mdximo. <c) Determinacién de los pardmetros sfsmicos
inducidos por el terremoto seleccionado en base a criterios objetivos tales
como aceleracién, velocidad o desplazamiento, 0 en base a criterios subjetivos
tales como la escala modificada Mercalli. d) Determinar el potencial de

dafios geolégicos que puede inducir el terremoto esperado en términos de

sAD 4 H
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deslizamientos de masas, licuacidén de arenas y la magnitud de la amplificacidn
de movimientos sismicos en la superficie de depésitos profundos de baja
consistencia.

Debemos ademds, identificar 1los trabajos adicionales necesarios para
poder seguir obteniendo informacién en cuanto a la susceptibilidad sfsmica
del drea metropolitana de San Juan y finalmente debemos de finalizar el foro
con unas recomendaciones o conclusiones que sean Utiles para las agencias
que tienen la responsabilidad de mitigar los efectos devastadores de un evento

sismico.
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PLATE TECTONICS IN THE VICINITY OF PUERTO RICO - IMPLICATIONS EOR
THE SEISMIC VULNERABILITY OF SAN JUAN

by
Dr. James Joyce
Department of Geology

University of Puerto Rico
Mayaguez, P.R. 00708

A. Introductiop

The objective of this paper is to describe the nlate tectonic set-
ting and seismic activity in the vicinity of Puerto Rico and to discuss
their effect on the seismic vulnerability of San Juan. The nresent work
is based on several recent publications which have delt with Caribbean
tectonics and seismicity. A list of these publications and others
related to the problem are included in the bibliography. Readers should
consult papers by Sykes et al. (1982) and McCann and Sykes (1984) for
complete description of the seismicity and submarine features of the Puerto
Rico Trench discussed in the present study. The purnose of the present
study is to stimulate more detailed and rigorous research into the seis-

mic potential of the Puerto Rico Trench.

B. Plate Tectonics and Seismicity

Earthquakes are produced by the release of elastic strain energy during
slip along faults. The vast bulk of seismic activity or earthquakes a-
round the world are confined to boundary zones between lithospheric
plates (the rigid, outer 100 km of the earth). Plate boundaries can be

divided into four typves based on the sense of motion between the two ad-
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1. Divergent boundaries occur where relative platc motions
are at a high angle and away from the boundary. This
type of boundary developes spreading ridges and forms
oceanic crust.

2. Convergent boundaries occur where relative plate motions
are at'a high angle and towards the boundary. This type
of boundary forms subduction zones which are characterized
by inclined zones of increasing.earthquake focal depths.
Oceanic trenches typically occur at the shallow end of
the seismic zones and volcanism is found where the seis-
mic zone reaches about 100 km. The inclined seismic
zones are produced by underthrusting and sinking of ocea-
nic lithosphere.

3. Strike slip boundaries occur where relative plate motions
are opposed and parallel to the boundary. These boundaries
are characterized by one or more vertical faults with domi-
nantly horizontal displacement such as the San Andreas
Fault of California.

4. Oblique convergent boundaries occur where relative motions
are at low to moderate angles and towards the boundary.

These boundaries are mixtures of type 2 and 3.

Seismic activity occurs at all plate boundaries both as a product of

interplate slip and intraplate deformation. Both convergent and strike
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slip boundaries produce large magnitude earthquakes and have been respon-

sible for death and destruction in many parts of the world.

C. The Northern Caribbean Plate Boundary

Puerto Rico and the Greater Antilles lie along the seismically active
plate boundary between the North American and Caribbean Plates (Sykes et
al., 1982). The nlate boundary is located in the Puerto Rico Trench
north of Puerto Rico, the Virgin Island and the northern Lesser Anfilles.
West of Hispaniola the boundary is marked by the Cayman Trough. The plate
boundary zone passes through Hispaniola which results in complex seismi-
city within the island.

East of western Puerto Rico the location of earthquake focal depths
defines a southward inclined séismic zone of increasing focal depths which
is continuous with the Lesser Antilles Subduction Zone (Schell and Tarr,
1979; Sykes et al., 1982). The inclined seismic zone terminates below
western Puerto Rico in an area of limited seismic activity and no deep
earthquakes (McCann and Sykes, 1984; Ascencio, 1980). In eastern Hispan-
iola focal depth studies define two zones of underthrusting located near
the north and east coasts, and the Cordillera Central. The Hispaniola
underthrusting zones trend northwest as opposed to the Puerto Rico - Vir-
gin Island ''subduction zone' which trends east;west (McCann ana Sykes,
1984, Mann et al., 1984).

The exact nature of interplate motion along the boundary is contro-

versial. The controversy stems from two different models of the relative
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motion between the North American and Caribbean Plates. Minster and Jor-
dan (1978) suggest an eastward, 2cm/yT relative motion between the plates.
The 2cm/yr rate is supported by the same rate of spreading at the Cayman
Ridge for the past 2.4 million years (MacDonald and Holcombe, 1978). A
relative motion N70E at 4cm/yr was postulated by Sykes et al. (1982). An
essential diffetence in applying the two models is the nature of interplate
motion at the Puerto Rico Treﬁch. If relative motion is eastward, the
trench is a left lateral strike slip feature with a componant of extension.
However, if relative motion is N70E, than the trench would be a zone of
oblique convergence. The fact that the N70E relative motion requires some
convergence across the Cayman Trough weakens this model as the Cayman
Trough is an extensional feature (Mann et al., 1983). The study of crus-
tal deformation around the Caribbean Plate sumports the model of eastward
relative motion and a strike slip boundary at the Puerto Rico Trench (Mann
and.Burke, 1984). Figures in Schell and Tarr (1979) describe large scale
normal faulting in the Puerto Rico Trench supporting extension rather than
convergence in the trench. Seismic studies by Stein et al. t1982, 1983)
of the Lesser Antilles Subduction Zone support the slower 2am/yr raﬁe of

relative motion.

D. Plate Motion in the Puerto Rico Trench and the Seismic
Vulnerability of San Juan ,

McCann and Sykes (1984) published a seismic potential map which sug-
gests a high potential for an 8-8.25 (R) earthquake in the Puerto Rico

Trench north of San Juan. This pnrediction is based on the occurrsnce of a
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VIII (MM) earthquake in 1787 which caused damage over much of the north
and west coasts of Puerto Rico (Cambell, 1977) and the Sykes et al. (1982)
tectonic model. Although Cambell (1972) suggested the location for the VIII (MM)
1787 earthquake lie in the Mona Passage or eastern Hispaniola, McCann and
Sykes (1984) estimated a location in the Puerto Rico Trench in the seismic
gap area north of Puerto Rico (Murphy and McCann, 1979). They further
suggest the earthquake was préduced by interplate slip along a thrust
fault during oblique convergence and attained a magnitude of 8—8.25.(R).
There are several reasons to question the predicted magnitude, loca-
tion and recurrance interval of the 1787 earthquake. First, because the
data source for the 1787 earthquake is based on historical description the
true location and magnitude are uncertain. Second, focal mechanism solu-
tions which suggest interplate thrust faulting are located in northwest
trending seismic zones and structural highs such as the Main Ridge of the
Puerto Rico Tench, eastern Hispaniola and the western margin of the Puerto
Rico Trench, and the Cordillera Central of the Dominican Republic. Struc-
tures with northwest orientation in left lateral strike slin zones are
under secondary compression and thus produce intraplate thrust faults.
Secondary intraplate thrust zones are commonly very active seismically,
which may explain most of the seismic activity in the area around the
Puerto Rico Trench. Therefore, there is little evidence for intraplate
thrust faulting in the Puerto Rico Trench. Third, rclative plate motion

may be half the rate assumed in the McCann and, Sykes (1984) prediction.
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A reduction in plate motion could substantially increase the recurrance
interval of major earthquakes. Fourth, flat areas of the Puerto Rico
Trench to the east and west of the Main Ridge show little seismic acti-
vity of any magnitude (McCann and Sykes, 1984; Murphy and McCann, 1979).
and are considered seismic gap areas. These gaps could be areas domi-
nated by aseismic slip. Low rates of relative motion and subduction

of old oceanic crust may increase the amount of aseismic slio (McCann
and Sykes, 1984). Both low rates of relétive motion and sinking or sub-
duction of old ocean lithosphere characterize the Puerto Rico Trench in
these seismic gaps.

The point of the previous discussion is that even if the 1787 earth-
quake was located in the seismic gap north of San Juan and attained a mag-
nitude of 8-8.25 (R), its recurrance interval may be much greater than the
predicted 200 years. Therefore planning and designing based on a 200 year
recurring 8-8.25 (R) earthquake may be too conservative and not practical.
New seiémic potential models should be produced based on eastward rela-
tive motion between the plates and lower rates of 2cm/yr. Changing these
factors may decrease the magnitude and increase the recurrance interval of
the largest predicted earthquakes to effect San Juan. An earthquake of
lower magnitude may be a more practical design earthquake for the San Juan
area. In conclusion the conservative seismic potential model of McCann and:
Sykes (1984) should be considered a preliminary estimate. More models

should be researched before choosing a design éarthquake for earthquake
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COMPARACION DEL ESTUDIO DE VULNERABILIDAD
SISMICA DE SAN JUAN CON LOS ESTUDIOS DE
SELECCION DE LOS NIVELES DE FUERZA PARA

DISERO SISMORESISTENTE DE PUERTO RICO

by

Samuel I. Diaz Santiago, Ph.D.

Presidente, Comisién de Terremotos, CIAPR
SESEEETEE, PP

INTRODUCCION

Una vez se define el cuadro tectdnico de una regidn,
se identifican, sismicamente hablando, sus zonas activas y
potencialmente activas, se establece ¢l historial sismicc
a tono con las zonas anteribrmente mencionadas y se evaluan
las caracteristicas de atenuacidn de movimientos de la zona,
es posible hacer una estimacidn de los niveles de movimiento
anticipados y las caracteristicas principales de los mismos.
Dependiendo del propdsito del estudio y del grado de detalle
necesario es posible que las caracteristicas geoldgicas de
la regidn o 3rea de estudio sean evaluadas para determinar
de que forma podrian afectar los niveles de movimiento y
sus caracteristicas principales.

En estudios tendientes a determinar criterios de dise-
o sismoresistente no es lo usual el que se realize un es-
tudio detallado de la geologia regional, excepcidn hecha
de casos como el de México donde se han identificado zonas
que cambian dristicamente los patrones de movimiento normal-
mente anticipados. El potencial de amplificacidn de los
movimientos a consecuencia de los suelos se toma en consi-
deracidn mediante la inclusidn de un factor dentro de 1la
férmula que determina el cortante basal de diseiio.

La seleccidn de los niveles de fuerza para el diseio
sismoresistente de estructuras en una regidn se basa en

dos criterios bd3sicos, primero, el que la estructura de-
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berd resistir los eventos gue rrcduzcan intensidades meno-
res y més frecuentes sin que la misma sufra dafics perma-
nentes y, segundo, gue de ocurrir el evento de maycr inten-
sidad probable durante su vida Q@til, la estructura deberi
resistir el mismo sin colapsarse, alin cuando sufra dahos
permanentes de consideracién. En paises en desarrollo,

la aplicacidn de estos principiocs en la seleccidn de los
niveles de dicsenho sismoresistente se dificulta cebido a
las limitaciones en el dinero disponible para inversién

en la construccidn de estructuras. Si las fuerzas selec-
cionadas resuitan ser excesivamente altas con relacidn al
riesgo real, la inversidn adicional a corto plazo sobre-
pasari significativamente 1los beneficios de una reduccidn
en los costos de reparacidén de danos a largo plazo. Por
el contrario, si se escogen niveles de fuerza demasiados
bajos, sucederia lo inverso. Por lo tanto, es necesario
que el nivel de fuerzas seleccionado establezca un balance
entre la inversidn inicial y los costos de reparacidn a
largo plazo.

Un estudio de vulnerabilidad sismica, como el realiza-
do por el doctor Molinelly (1), partiendo de la misma in-
formacidn que los estudios para la implementacidn de un
cddigo sismoresistente, procede a estudiar detalladamente
la geologia de la localidad estudiada, determina los ries-
gos geoldgicos potenciales y, a partir de estos,estima el
dafio probable en las diferentes zonas.

Alin cuando ambos estudios tienen diferencias de en-
foque, existen tangencias considerables en lo gque respec-

ta a2 la informacidn b3sica que permite establecer la in-
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tensidad de los movimientos en roca o terrenos competentes
Es pocr tal motivo gue es ccnveniente analizar criticamente
esta data para asegurar cue, independientemente de los pro-
vdsitos ulteriores, los niveles de estos movimientos sean

similares.

SISMICIDAD Y TECTONISMO

La localizacidn de los epicentrcs de los terremctos
cue afectaron la Isla antes del terremoto de 1918 no es
confiable. La informacidn de la actividad sismica antes
de esta fecha:.se conoce por el relato de los hechos como
aparecen en algunos archivos histdricos.

Los dos terremotos de importancia que han afectado
a Puerto Rico en tiempos histdricos son el de Islas
Virgenes de 1867 y el de Puerto Rico de 1918. Un tercer
evento, acontecido en 1787, ha ganado prominencia recien-
temente, a raiz de estudios realizados por McCann (2) con
respecto al tectonismo y sismicidad regional. Dicho even-
to ha sido localizado por McCann en la zona de la Trinchera
de Puerto Rico y estimado como de magnitud 8-8.25 Richter,
de acuerdo con las caracteristicas tectdnicas de la regidn
y del dafio informado en registros histdricos. La mégni—
tud informada de este evento debe ser objeto de un escru-
tinio minucioso, antes de ser aceptada como buena, pues
existe evidencia al efecto de que ciertas estructuras
histdricas del Viejo San Juan no fueron afectadas signifi-
cativamente por el mismo.

El terremoto del 18 de noviembre de 1867 esta asociado
con la falla de Anegada al este de la Isla, y se le ha

asignado una magnitud de 7.5 en la escala de Richter (3).
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Sin emkbargo, eskuenn aclarar gue un estimado de magnitud
basado en datos sobre intensidad puede llevar & conclusicnes
errdneas. Reid y Taber (4), basados en el centroide de las
curvas isosismicas de intensidad, localizan el epicentro

de este terremoto cerca del limite norte de la trinchera

de Anegada, entre St. Thomas y St, Croix. Este terremoto
fue sentido fuertemente en toda la Isla. Causd graves

dafios a iglesias en el este de la Isla, el colapso de chi-
meneas en Ponce y danos a iglesias y a la Fortaleza en

San Juan.

El terremoto del 11 de octubre de 1918 fue registrado
por instrumentos, y el epicentro fue localizado en el Canal
de La Mona, en la latitud 18,5°N, longitud 67.3°0, La
magnitud fue determinada, a base de las lecturas instru-
mentales, en 7.5 de la escala de Richter. Este evento es
considerado como el mas severo que ha afectado la isla en
el pasado conocido. Se sintid fuertemente en toda la Isla,
en especial en el aréa oeste, causando la muerte a unas 114
personas y dafos estimados en $4 millones (ddlares de 1918).
Se origind un tsunami.

Los terremotos que han ocurrido en el &rea de
Puerto Rico desde el terremoto de 1918 al presente han sido
registrados en la Isla y existen sismogramas de todos ellos,
Entre los mds importantes eventos registrados estdn el te-
rremoto de 1943, con sus terremotos secundarios, y el de
1946, con sus terremotos secundarios. Estos terremotos de
magnitud de 7.8 y 8.1, respectivamente, fueron localizados
en las coordenadas siguientes: 1943,latitud19.25°N, longi-
tud 67.5°0 y 1946, latitud 19.25°N y longitud 69.0°0. E1

terremoto secundario del terremoto de 1946 ocurrid 4 dias
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mis tarde en la latitud 19.5°N y longitud 69.5°0, y rccistrd
una macnitud de 7.€ en la escalaz de Richter, Estcs eventos
afectaron severamente a la Republica Dominicana. Sin embar-
go,en Puerto Rico aunque fueron sentidos no causaron dafos
de consideracidn.

La historia sismica de Puerto Rico indica que las tres
fuentes de actividad sismica estdn localizadzs en el racsaje
de La Mona (oeste), la trinchera de Puerto Rico (norte),
cerca de la cordillera submarina principal y la trincrera
de Anegada (este) y la probabilidad es que estas locali-
zaciones continuardn activas en el futuro sismico de la
Isla.

La actividad sismica de un &rea depende de las carac-
teristicas de las formaciones geoldgicas del 8rea y para
determinar la recurrencia de los terremotos es necesario
identificar el mecanismo del terremoto gue indudablemente
estid relacionado con las caracteristicas del irea. En
el caso de Puerto Rico, se conoce que la Isla estd locali-
zada al sur de la trinchera de Puerto Rico gue forma parte
dél borde norte de la placa tectdnica del Caribe.

Dé acuerdo con McCann, el canon de la Mona y la cordillera
submarina principal constituyendos condiciones tecténica-
mente andémalas qgue sirven de concentradores de esfuerzos,
dando origen a terremotos de magnitud superior a M=7 con
cierta frecuencia. La zona de la Trinchera, entre estos
dos extremos, ha estado mucho menos activa en el pasado
conocido, pero es probable gue haya estado almacenando
energia durante este periodo y que sea capaz de producir
terremotos de magnitud 8-8.25, si se delimita su largo

potencial de rompimiento entre las dos irregularidades
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antericrmente mencionadas. Eventos de esta magnitud podrian
ocurrir de acuerdo c¢on McCann, con una recurrencia de no me-
nos de 200 afios. Esta hipdtesis se basa nuevamente en que el
evento 1787 haya tenido una magnitud de 8-8.25, algo gque nece-

sita mayor corroboraciédn.

Aln cuando el tiempo de recurrencia de los terremotos va a de-
pender de las caracteristicas eldsticas de la roca que compone
la masa terrestre en las 430 millas de espesor cercanos a la
superficie de la tierra y de la irregularidad de la superficie
de contacto a ambos lados de las fallas activas, una determina-
cidn de este tipo estd necesariamente limitada al estudio del
historial sismico conocido. La Figura 4 nos ofrece una determi-

nacidn hecha por Der Kiureguian y Ang (5) para San Juan.

Otra caracteristica importante a considerarse en el sentido de
la sismicidad de un &rea y, especificamente, en el tema de 1los
reglamentos de disefio y construccidn es la atenuacidn de las
aceleraciones producidas pér las ondas sismicas. La Figura §
demuestra la atenuacidn que produjo el terremoto de 1918, segin
el estudio que hicieran en Puerto Rico en el 1919 los sefiores
Reid y Taber, Sobre este tema se han investigado varios terre-
motos en distintas partes del planeta. En contraste con el caso
de California, en Puerto Rico la atenuacidn de los movimientos
sismicos es mds lenta. En ese sentido se puede decir que se
asemeja mds al caso del este de los Estados Unidos, donde los

terremotos se sienten a mayor distancia.
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INTENEIDAD DE LOS MOVIMIENTOS ANTICIPADCS

Tomando como base el historial sismico de la Isla y las condi-
ciones tectdnicas de la regidn, Housner (6) realizd un estudio
tendiente a establecer requisitos de disefio sismoresistente
para Puerto Rico, compatibles €stos con el riesgo anticipado.
Identificd una zona marina de aproximadamente 24,000 millas
cuadradas (Figura 6), a la cual le asignd una sismicidad compa-
rativa con la mayor actividad en el estado de California, E.U.A.
Es importante notar gue dentro de esta zona se incluye un &rea
directamente dl1 norte de la Isla. La inclusidn de dicha &rea

no se puede fundamentar en el historial sismico conocido (figura
1). 5Sin embargo, segiin explica Housner, al representar esta
regidn el borde entre dos placas tectdnicas es esta condicidn
suficiente para considerar la misma como una de gran potencial

sismico futuro.

En la zona marina anteriormente identificada, Housner estima
que se puede esperar que ocurran dos eventos de magnitud igua-
les de mayores a 7.5 en la escala Richter cada 100 afiocs. A
juzgar por el historial anterior, eventos de esta magnitud
podrian ocurrir a distancias tan cercanas como 25 millas al
oeste, 40 millas al norte y 50 millas al este de la Isla (Fi-

gura 6).

En vista de que en la Isla no se han registrado instrumental-
mente movimientos sfsmicos destructivos, Housner optd por pre-
sumir que las caracteristicas de los mismos serin similares a
las de California. Usd como argumento el que los movimientos
sismicos registrados durante el terremoto de Managua, Nigaragua

resultaron ser parecidos a los registrados en California bajo
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condiciones andlogas. Utilizando este criterio es posible se-
leccionar un evento de magnitud similar a la del terremoto an-
ticipado en la regidn bajo estudio y cuyos mcvimientos hayan
sido registrados instrumentalmente a distancias parecidas a

las que se espera podria ocurrir el mismo. Se estudian los di-
ferentes registros para determinar particularidades tales como
aceleracidn m3xima, las frecuencias predominantes y su duracidn.
Aguellos registros gue reflejen condiciones especiales se utili-
zan posteriormente para establecer espectros de la respuesta,

a partir de los cuales es posible definir los niveles de fuerza

a utilizarse en la reglamentacidn.

Housner identificd el terremoto de Tehachapi, California, (M=7.7)
acontecido el 21 de julio de 1952, como el que mejor refleja

las condiciones anticipadas para Puerto Rico. Dos de los regis-
tros de este sismo presentan caracteristicas especiales, las
cuales deben de ser tomadas en consideracidn al establecer las
fuerzas de disefio. Uno de. éstos es el registro de Taft, tomado
a una distancia de 25 millas del epicentro del terremoto, el
cual es representativo del tipo de movimientos anticipados para
un evento gque se centre a distancias cercanas de las zonas ur-
banas al oeste, norte y este de la Isla. El acelerograma del
componente S69E para el registro de Taft se ilustra en la Figura

7‘

El segundo registro de interés es el que conoce como el del
Hollywood Storage Basement. Este registfo se tomd a 65 millas
de distancia del origen. Sus movimientos son representativos
de los que ocurririan cuando el sismo se origina a distancias
m&s lejanas. La Figura 7 ilustra el componente sur de dicho

registro.
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Los dos tipos de medicidn poseen particularidades que ameritar
ser discutidas. El registrc de Taft refleja un nivel ée acele-
racién midxima ée 0.18 g. contra 0.05 g. en el caso del Hollywood
Storage Basement, o'sea, una razdén de aproximadamente 4 a 1.

Sin embargo, debido a la predominancia de las frecuencias bajas
en el registro de Hollywood su efecto en estructuras altas serid
mé&s significativo, reduciendo esta razdn de intensidad a sélo

de 2 a l. En adicidn, seglln se puede observar en la Ficura 7,

la duracidn de los movimientos en el caso de Hollywood es mucho
mayor que en el de Taft. Por lo tanto, si una estructura entra
en el régimen ineldstico bajo el efecto de movimientos similares
a los de Hollywood, la mayor duracidn de los movimientos se habrid
de traducir en mayor daho. Para Puérto Rico, Housner ha reco-
mendado la utilizacidn de 1.5 veces los movimientos registrados
en el Hollywood Storage Basement como representativos de los
movimientos causados por un evento lejano. Dicho incremento se
justifica debido a que 1la gtenuacién de movimientos de Puerto Rico

es menor que en California.

El evento lejano, o sea, 1.5 x Hollywood Storage Basement, re-
presenta el tipo de movimientos con mayor probabilidad de ocurrir
durante la vida fitil de las estructuras. Las fuerzag de disero

a seleccionarse deberan ser lo suficientemente altas para garan-
tizar que bajo el efecto de este evento frecuente, las deforma-
ciones midximas producto de incursiones ineldsticas, o sea, la
ductilidad requerida, se pueda mantener a un nivel bajo. Para

un nivel de ductibilidad bajo, los dafos estructurales se redu-
cen a un minimo, lo cual es muy deseable pues evita la inversidn

en reparaciones frecuentes como resultado de eventos de este tipo.
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Las probabilidades de ocurrencia del evento cercano, el regis-
tro de Taft, son mucho menores. Para esta condicién extrema

Yy Foco probable es aconsejable, desde el prunto de vista econd-
mico, el que se permita la movilizacidn dé un nivel de ducti-
bilidad alto en las estructuras, ain cuando este enfoque impli-
gque el que ocurran dafios considerables. Lo importante en estos
casos es evitar el colapso de la estructura. De esta forma se
puede lograr un mejor balance entre la inversidn inicial atri-
buible al disefio sismoresistente y los costos de reparacidn a

largo plazo.

Resulta interesante comparar los valores de aceleracidn maxi-
mos del terreno, propuestos por Housner para Puerto Rico, con-
tra los que resultarian si se utiliza la formula propuesta

por Donovan (7).

o.5M 1.32

a = 1080e (A + 25)°
donde:

A es la aceleracidén mixima del terreno, en cm/sec2

M es la magnitud del terremoto

[\ es la distancia desde el terremoto al punto de interés,
en kms. Esta f8rmula proyectd un valor idé&ntico-al de
una lectura tomada a 54 millas de distancia durante un
sismo de M = 4.9, ocurrido en 1975, al norte de Puerto
Rico (8). En la Figura 8 se puede observar cdmo los va-
lores propuestos por Housner son muy semejantes a los
prondsticos de la férmula de Donovan para un evento de

M = 7.7 v las distancias propuestas.

Si se utiliza la f8rmula arriba indicada para determinar el nivel

de aceleracidn mixima esperado en San Juan, de postularse un
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evernto de magnitui 7.7 en la pared sur de la Trinchera de
Puerto Rico, a unas 40 millas al norte de San Juan, se obtiene
un valor de 0.14 g., como se ilustra en la Figura 9. Resulta
conveniente comparar'este resultado con el ocbtenido por otros
estudios realizacdos rara la Ciudad Capital, los cuales se ilus-
tran en la Figura 9. AQGn cuandc los valores obtenidos en otros
estudios tienden a estar un poco por encima de lo qgue arroja la
férmula, la variabilidad no es muy grande. Es interesante men-
cionar que en el estudio de Der KiuUreguian y Ang al evaluarse
la data histdrica disponible para San Juan, arroja €sta inten-
sidades Mercalli Modificada de entre VII y VIII, las cuales
traducen en aceleraciones maximas de} terrenoc de entre 0.07 g.
a 0.15 g. para un periodo de recurrencia de 90 afios. Ademis,
hay que reconocer gque Housner ha propuesto la utilizacidn de

un evento cercano con aceleracidn maxima de 0.18 g. para toda
la Isla, lo cual concuerda muy bien con los valores miximos
propuestos por los diferentes estudios para el &rea metropoli-

tana de San Juan.

En su estudio de vulneralidad para el &rea de San Juan,
Molinelly ha tomado en consideracidn data de historia} sismico
y un cuadro tectdnico esencialmente igual al descrito anterior-
mente, como base para su estudio. En base a su evaluacidn de
la data histdrica, Molinelly ha determinado que una intensidad
Mercally Modificada de VIII es representativa de lo que se debe
esperar una vez cada 100 anos. Si se utiliza la misma fdrmula

de Gutemberg & Richter gque usaron Der Kiureguian y Ang, a saber,

I
( 3 ) - 0.5 cm/sec2
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Esta intensidad correspcnderia a una aceleracién de 0.15 ¢. ,

lz cual compara favorablemente con los otros valores discutidos
anteriormente para el drea metropolitana de San Juan. Es impor-
"tente mencionar gque ﬁolinelly utiliza intensidadé Mercally Modi-
ficada, en lugar de aceleracidn mixima del terreno, como medida
de la severidad de los movimientcs anticipados, porgue la meto-
d8logia que se utiliza en su estudio para hacer un estimado de
lcs dafios para diferentes tipos de construccidn esti basada en

intensidad MM.

La dificultad qﬁe presenta la utilizacidn de escalas como la

MM para establecer dafios y, mds ailin, niveles de fuerza es que
introducen un grado de subjetividad considerable. Basta compa-
rar los.rangos de aceleracidn mixima del terreno asociados con
un grado de VIII en la escala MM utilizando la férmula de
Gutemberg y Richter para ver que existe un alto grado de varia-
bilidad (entre 0.15 y 0.32 g.). Mas impactante afin es comparar
estos valores con los que prﬁnostica Newmann (9), a saber, entre
0.30 y 0.60 g. Es por tal motivo que, siempre que sea posible,
es preferible utilizar criterios de atenuacidn basados en la
aceleracidén del terreno. En ese sentido, la férmula de Donovan,
gue pronosticd exactamente un registro de aceleracidn para el
drea de Puerto Rico presenta una mejor alternativa, alin cuando
seri necesario seguir corroborando su efectividad en pronosticar

los niveles de movimientos de eventos futuros.

En cuanto a la amplificacidén de los movimientos como consecuen-
cia de la presencia de terrenos débiles y comprensibles debe
mencionarse que existen métodos analiticos para estimar el nivel

de amplificacidn a partir de los movimientos en roca y de las
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caracteristicas particulares del terreno. Un estudic de ecste
tipo fue realizado por el Dr. Rafael Jimenez, et. al. (10)
para el Valle del Rio Grande de Arecibo, el cual alcanza una
profundidad cerca dé 300 pies de material compresible. Esta
condicidn es representiva de la peor situacidn anticipada para
el caso de Puerto Rico. En este caso se encontrd que la ampli-
ficacidn mé&xima de los movimientos fue de un 40 porciento,bajo
los movimientos de 1.5 Hollywood Storage Basement para una

capa de 300 pies de profundidad. Adn cuando es posible que

de haberse hecho una determinacidn de amplificacidén para una
capa de un espesor menor, que reflejara un periodo predominante
cercanoal segundo, se encontrard una amplificacidn un tanto mayor,
se puede concluir gque el rango de amplificacidén m3ximo debe
estar cercano a 1.5. Es precisamente este el valor miximo gque
alcanza el factor de suelos, S, en la fdrmula de cortante basal

propuesta para el Cédigo nuevo.

Al considerar el efecto del'terreno en la amplificacidén de 1los
movimientos Molinelly le ha asignado un aumento de un grado en
la escala MM para los terrenos mis débiles existentes en el
drea Metropolitana. Usando nuevamente la f&rmula de Gutemberg
& Richter,este valor se traducirfa en una aceleracidn de o.32qg.,
© sea, una amplificacidn de 100% en cuanto aceleracidn se re-
fiere. Este valor se hace mds significativo si se reconoce
que cuando un evento mayor se centra a distancias cercanas del
drea de estudio el contenido de frecuenci&s altas es predomi-
nante mientras que los depdsitos débiles tienen frecuencias
fundamentales bajas, por lo que la situacidn no es muy favora-
ble a que se produzcan amplificaciones significativas.

T URiIe sy
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Las determinaciones de los estimados de dahos por tipos de cons-
truccidn en el estudio de Molinelly se basa en un trabajo de
Sauter y Shah (11]). Sauter y Shah han asociado el porciento

de dafio de un tipo especifico de construccidn con la intensi-
dad MM. Resultaria interesante identificar la relacidn usada
por ellos para arribar a los niveles de aceleracidn gue habrin
de sentir los diferentes tipos de construccidn para los dife-
rentes niveles de intensidad MM, pues es este valor en cierta
medida el que'refleja el nivel de dafios a sentirse por la
estructura. Como se ha sefialado anteriormente, la intensidad
de los movimientos, medida en MM, esti sujeta a mucha variacién
y esto puede crear variaciones significativas en el nivel de

danos.

Otro punto que es necesario sefialar es gque el nivel de dafios,
como promedio, que habri de sostener un cierto tipo de cons-
truccidn en Puerto Rico va a depender de lo adecuado del C6-
digo vigente, de la calidad del disefio, de la calidad de 1la
construccidn y de la inspeccidn que se le dé a la construccién.
Es por tal motivo que gridficos como el propuesto por Sauter

y Shah, ain cuando resultan convenientes para aplicar por su
relativa simplicidad, deben ser atemperados a la condiciédn
local. Puede que de una evaluacién de este tipo resulte gue
los graficos habrin de reflejar mayor o menor dafio que el que
se refleja en el grifico usado. Lo importante es que reflejara

mejor la condicidén de Puerto Rico.
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TOTAL EVENTOS SISMICOS
1850 — 1977 '

rrcura 1-- TERREMOTOS DE MAGNITUD = 5 9 e

*L,a Figura 2 que no se pueden obtener.
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A. View is toward the
southeast with American
and Caribbaan plates
intact.

% B. Plates pulled apart to
allow visualiz stion of
subsurface configuration.

Figura 3

Boundary configuration of the North-American and Caribbean rlates
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From Schell and Tarr 1678
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NOTA: CLASIFICACION DE ZONAS CORRESPONDE

CON LAS ZONAS DEL UBC-1979

FIGURA 9 - ACELERACIONES EN ROCA, VARIOS ESTUDIOS
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LICUACION DE ARENAS
(LIQUEFACTION OF SANDS)

Pedro Jiménez-Quifiones, Ph.D.*
Profesor Ad-Honorem
Departamento de Ingenieria Civil

Universidad de Puerto Rico
R

S
RESUMEN

Dado el interés que se ha demostrado por los ingenieros en los pasados
meses, por los daﬁos’ocasionados por el proceso de licuacidén en arenas durante
un terremoto y con el propdsito de presentar conceptos fundamentales para
el entendimiento del fendmeno de licuacién es due presentamos este articulo.

La agitacién que produce un terremoto puede .ocasionar una pérdida de
resistencia en suelos saturados no cohesivos la cual se conoce por el fendmeno
de licuacién.

El fendmeno de licuacién ha sido observado en Anchorage, Alaska en
Niigata, Japén y Méjico durante 155 terremotos de Alaska y Japdén en 1964
y Méjico en 1985.

En este trabajo se presentan conceptos bidsicos de licuacién de arenas
y perfiles de suelo del drea metropolitana de San Juan con el fin de alertar
contra las especulaciones que se hacen en Puerto Rico a diario de que todos

los suelos se pueden licuar y que todos los cerros (montes) se van a deslizar

cuando ocurran terremotos, o periodos intensos y prolongados de lluvia.
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INTRODUCCION

Estoy muy agradecido a mi colega, Dr. Rafael Jiménez, profesor del
Departamento de Ingenieria Civil del Recinto Universitario de Mayaguez por
su invitacidén a participar en este foro sobre la Vulnerabilidad Sismica de
San Juan.

Aplaudimos esta iniciativa del profesor Rafael Jiménez de organizar
este foro luego de lo ocurrido en Méjico y de los dltimos acontecimientos
ocurridos en Puerto Rico el pasado 6 de octubre.

No es dificil encontrar el entusiasmo e interés observado por compafieros
ingenieros civiles, gedlogos y compafieros de-otras profesiones cuando ocurre
un desastre como el de Méjico para luego aplicar las ensefianzas aprendidas
a Puerto Rico en casos de desastres similares.

Los movimientos del terreno que se generan cuando ocurre un terremoto
pueden ocasionar una pérdida de la resistencia o rigidez de los suelos satu-
rados, no cohesivos, la cual resulta en asentamientos, y fallas de estructuras,
deslizamientos de taludes en corte y terraplenes, fallas de represas de tierra
y otros dafios en general. El mecanismo o proceso que conlleva la pérdida
en resistencia o rigidez del suelo se llama licuacidén la cual estd asociado
pfimordialmente, pero no exclusivamente, con los suelos saturados ﬁo-cohesivos
(arenas).

El fendémeno de licuacidén de suelos ha sido observado en casi todos los
terremotos grandes y por lo general ha ocasionado muchos dafios. Las destruc-
ciones ocurridas como consecuencia del proceso de licuacién durante el terre-
moto desastroso de 1964 en Niigata, Japdén, atrajo la atencidén de ingenieros

en muchas partes del mundo. (Slides 1,2,3,4,5,6-11)
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Desde mediados de 1la decada de 1960 programas de investigaciones han
sido dirigidos a predecir el proceso de licuacidn en suelos durante un terre-
moto. Especialmente en los Estados Unidos y Japdn se han obtenido progresos
impresionantes (1) en reconocer los peligros de licuacidn,(2) entender adecua-
damente el fendmeno de licuacidén, (3) analizar y evaluar el potencial para
la licuacién de una localidad y (4) desarrollar la tecnologia adecuada para
mitigar 1los peligros de los terremotos. Sin embargo, existen problemas,
concernientes a licuacidén que estdn adn sin resolver, particularmente, en

los casos de estructuras criticas como son las plantas nucleares. .

FUNDAMENTOS DE LICUACION

Los conocimientos de licuacién y sus efectos o dafios han provenido de
tres 4reas a saber: (1) observaciones realizadas durante y después de ocurrir
un terremoto, (2) resultados obtenidos de experimentos realizados en el labo-
ratorio con muestras remoldeadas de suelo y de modelos de estructuras (funda-
ciones y represas) y (3) andlisis tedricos.

En el campo la manifestacién mis contundente que observamos del proceso
de licuacidén es la ocurrencia de volcanes donde la arena bulle (boils), indi-
cando que la sacudida producida por el terremoto ha generado presiones hidros-
tdticas en exceso dentro del suelo saturado. (Slide 6) El1 suelo saturado
es un sistema de compuesto de dos fases a saber: (1) particulas sélidas
y (2) agua. El agua es quien coge la presidn en exceso ocasionando esto
que el agua haga un canal o busque un paso por donde salir y a la vez arrastre
o lleve comnsigo particulas de suelo a la superficie del terreno. Durante
algunos terremotos se ha podido medir con instrumentacidén presiones de poros

en exceso a distintas profundidades. (Slides 12 y 13)
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Los efectos de licuacién lo podemos observar en diversas formas tales
como: deslizamientos de taludes en corte y en represas de tierra, el asenta-
miento y vuelco de edificios y estribos de puentes, en desplazamientos horizon-
tales y algunas veces el colapso total de muros de retencién. También se
han podido observar, traslacidén lateral de masas de suelo, asentamientos
grandes del terreno e inundaciones, dafios a vias de ferrocarriles, carreteras,
tuberias, etc.

Estudios de campo han confirmado ampliamente que los suelos no cohesivos,
como son las arenas,, son los mds susceptibles al proceso de licuacién. Igual-
mente se han encontrado depdsitos geoldgicos recientes que también son muy
susceptibles. También podemos afirmar que .depdsitos de suelos que se han
licuado durante un terremoto han vuelto a licuarse durante terremotos
subsiguientes.

Para entender el concepto de licuacién debemos aclarar los conceptos
fundamentales de esfuerzés geostaticos, en el elemento A localizado a una
profundidad Z (figura 1). De la figura 1 tenemos que: (Slide 14)

esfuerzo total, P = 2 ” sat.
presién de poros, Uy, = 2 Y,
esfuerzo efectivo, p = Z§l
La resistencia de la arena es debida a friccién interna entré particulas,

solamente. Para la arena saturada la resistencia se puede expresar como:

S = (P - Uy) tan}é

donde:
S = resistencia
= 4ngulo de friccién interna, (se obtiene de un ensayo de corte directo
o triaxial)
P = esfuerzo total

— 2
U, = esfuerzo o presién de poros
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En la naturaleza podemos encontrar muchos casos de esfuerzos o presidn
de poros, los cuales se deben a: (1) nivel fredtico y sus fluctuaciones,
(Slide 15) (2) flujo de (Slide 16) agua durante una excavacién, (3) cambio
de volumen, (4) tensidén capilar. Las figuras 2 y 3 muestran los casos 1
y 2.

En la figura 4 (Slide 17) presentamos el mismo perfil de arena indicado
en la figura 1. Hemos colocado un piezdmetro a una profundidad, Z, con el
propbésito de medir la presién de poros durante y después del terremoto.
Digamos que la presién de poros mixima es igual a + U, que no es otra cosa
que el producto de la lectura en el piezdmetros y el peso especifico del
agua. Por lo tanto el esfuerzo efectivo (intergranular) antes del terremoto,
Z ', se ha reducido por la cantidad de U, o sea que la resistencia de
la arena a la profundidad Z, es igual a:

s=zf'-h ) tan¢

Debemos reconocer que las presiones de poros generadas durante un
terremoto varian con la intensidad del terremoto y con el tiempo de duraciénm.
Dependiendo de la permeabilidad de 1la arena se disipardn las presiones de
poros generadas. La disipacién de las presiones de poros varia con el tiempo
(Figuras 5 y 6). De la Figura 6 se puede ver que el valor miximo de presién
(Slide 12 y 13) de poros ocurre a la profundidad mayor que resulta ser 14
metros.

Valores representativos del 4ngulo de friccién interna para arenas de
acuerdo a Terzaghi y Peck (1974) estdn indicados en la Tabla 1 (Slide.18).
Comunicacién personal del Dr. Carlos Rodriguez indica valores mis bajos (-18°)

para arenas calcareas lo cual es 1égico de esperar.
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La figura 7 indica los resultados de un ensayo triaxial no drenado de

arena suelta saturada durante el cual la presidén axial oscila entre p. +

p Y Pc - p- En este caso pc es igual a la presidén de consolidacién, 1
kg por cm. cuadrado. Después de un ndmero de ciclos de aplicacién de la
carga p» €l valor de Uy alcanza el valor de la presidn efectiva de consoli-

dacidén de 1.0 kg por cm. cuadrado que existia antes de que la carga ciclica
comenzard, con la cual la muestra de arena pierde su resistencia y rigidez
correspondiendo al estado de licuacién. Para una arena densa los valores
de la presidén de poros se incrementan en forma similar excepto que los ciclos

para producir el estado de licuacidn se aumenta grandemente (14).

LICUACION DE SUELOS EN SAN JUAN

En el estudio preparado por el Dr. José Molinelli (10) para el Depar-
tamento de Recursos Naturales, datos especificos y claros de pruebas de campo
que demuestren enfiticamente la magnitud y cantidad de suelos que se licuarén
de ocurrir un terremoto grande en San Juan, no los encontramos. La experiencia
nos demuestra que si hay algunos bolsillos de arenas sueltas en algunos per-
files de suelo obtenidos de los resultados de la prueba de penetracién normal
(ASTM-D1586). Algunos perfiles de calas para el 4rea metropolitana de San
Juan, tomados de nuestros archivos, claramente indican nuestra posicién (Slides
20-28).
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